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A	  science	  joke,	  based	  on	  a	  true	  incident:	  1	  Once	  in	  a	  hospital,	  somewhere	  in	  Germany.	  A	  neurologist	  and	  a	  neuropsychologist	  are	  talking	  about	  a	  patient	  who	  was	  recently	  admitted	  to	  the	  hospital.	  Neurologist:	  The	  patient	  has	  a	  short-­‐term	  memory	  deficit.	  Neuropsychologist	  (sceptical):	  How	  does	  it	  show?	  Neurologist:	  In	  the	  evening	  the	  patient	  has	  forgotten	  what	  he	  had	  for	  breakfast.	  Neuropsychologist:	  ???	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Science	  jokes	  tend	  to	  be	  rather	  lame	  and	  not	  finding	  them	  funny	  is	  most	  likely	  a	  sign	  for	  a	  good	  sense	  of	  
humor.	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Laypersons,	  medical	   doctors	   and	   scientists	   are	   often	   at	   cross-­‐purposes	  when	   talking	   about	   short-­‐term	  memory	   (STM).	   For	  many,	   the	   ‘short-­‐term’	   aspect	   intuitively	   refers	   to	  memories	   of	   the	   last	  hours,	   days,	   weeks	   or	   even	   the	   most	   recent	   years.	   Even	   across	   different	   scientific	   fields,	   which	  investigate	  STM,	  such	  as	  cognitive	  psychology,	  cognitive	  neurosciences,	  the	  field	  of	  animal	  studies	  or	  neurocomputational	  modelling,	  slightly	  different	  definitions	  exist.	  However,	  most	  of	  these	  scientific	  theoretical	   frameworks	   agree	   that	   STM	   encompasses	   a	   limited	   amount	   of	   memory	   content	   for	   a	  limited	   amount	   of	   time,	   usually	   in	   the	   range	   of	   only	   a	   couple	   of	   seconds,	   before	   the	   information	  decays	  or	  until	  attention	  is	  distracted	  from	  the	  memorandum	  (Jonides	  et	  al.,	  2008).	  	  In	   the	   present	   thesis,	   I	   adhere	   to	   the	   cognitive	   psychologists’	   definition	   of	   STM:	   STM	   is	   “a	  limited-­‐capacity	  store	  for	  retaining	  information	  over	  the	  short	  term	  (that	  is,	  over	  several	  seconds)”	  (Gazzaniga,	  Ivry,	  &	  Mangun,	  2002,	  p.	  311).	  In	  addition,	  I	  use	  a	  similar	  definition	  of	  working	  memory	  (WM)	  –	  a	  slightly	  different	  concept	  for	  which	  the	  former	  definition	  only	  has	  to	  be	  supplemented:	  WM	  is	   “a	   limited-­‐capacity	   store	   for	   retaining	   information	   over	   the	   short	   term	   (that	   is,	   over	   several	  seconds)	  and	  for	  performing	  mental	  operations	  on	  the	  content	  of	  this	  store”	  (Gazzaniga	  et	  al.,	  2002,	  p.	  311).	  Although	  the	  definitions	  of	  STM	  and	  WM	  are	  sometimes	  used	  interchangeably,	  I	  will	  use	  the	  broader	  concept	  of	  WM	  rather	  than	  STM	  in	  the	  remainder.	  	  Having	   said	   that	  WM	   typically	  merely	   comprises	   the	  memory	  of	   the	   last	   few	   seconds,	   it	   is	  important	  to	  note	  that	  more	  important	  than	  the	  time	  factor	  is	  the	  fact	  that	  attention	  should	  not	  be	  diverted	   from	   the	   to-­‐be-­‐retained	   information.	   In	   other	   words,	   as	   long	   as	   one	   is	   able	   to	   actively	  maintain	   and	   rehearse	   a	   three-­‐digit	   number	   for	   several	   minutes	   or	   even	   hours	   without	   getting	  distracted	  by	  external	  stimuli	  or	   internal	   thoughts,	  performance	  would	  still	  rely,	  at	   least	   in	   theory,	  on	   STM	   or	  WM	   (presuming	   that	   performance	   on	   such	   a	   task	   does	   not	   partially	   depend	   on	   other	  memory	  processes;	  which	  is	  unlikely	  as	  I	  will	  argue	  in	  the	  remainder	  of	  the	  present	  dissertation).	  	  As	   one	   can	   imagine,	   the	   likelihood	   of	   getting	   distracted	   increases	   as	   the	   time	   interval	  increases	  (Jonides	  et	  al.,	  2008;	  Malmo,	  1942).	  After	  distraction,	  the	  to-­‐be-­‐retained	  information	  would	  not	  be	  in	  a	  heightened	  state	  of	  activation	  any	  longer	  but	  rather	  would	  have	  to	  be	  actively	  retrieved	  from	  a	  more	  permanent	  store	  when	  tested.	  Hence,	  according	  to	  the	  theory,	  performance	  would	  not	  rely	  on	  WM	  any	  more.	  The	  fact	   that	   it	   is	   increasingly	   likely	  that	  one	  gets	  distracted	  as	  time	  passes	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may	  be	  the	  reason	  for	  why	  many	  definitions	  of	  STM	  and	  WM	  stress	  the	  time	  factor	  rather	  than	  the	  critical	  factor	  of	  possible	  distraction.	  	  Thus,	   if	  we	  assume	   that	   the	  aforementioned	  patient	  did	  not	   continuously,	  unceasingly	  and	  uninterruptedly	  brood	  on	  what	  he	  had	  for	  breakfast	  until	  the	  evening,	   it	  may	  be	  concluded	  that	  he	  has	  a	  long-­‐term	  memory	  (LTM)	  deficit	  rather	  than	  an	  STM	  or	  WM	  impairment.	  This	  conclusion	  would	  also	  be	   in	  agreement	  with	   the	  definition	  of	  LTM,	  defined	  as	  a	   “store	  of	  knowledge	  and	  a	  record	  of	  prior	  events”	   (Cowan,	  2008,	  p.	  324)	  where	   the	   to-­‐be-­‐learned	   item	  typically	   “has	  been	  absent	   from	  consciousness	  altogether,	  and	  now	  revives	  anew.	  It	  is	  brought	  back,	  recalled,	  fished	  up,	  so	  to	  speak,	  from	   a	   reservoir	   in	  which,	  with	   countless	   other	   objects,	   it	   lay	   buried	   and	   lost	   from	   view”	   (James,	  1890,	  pp.	  646-­‐647).	  	   Having	  defined	  the	  two	  key	  concepts	  of	  the	  present	  thesis,	  it	  is	  not	  clear	  though,	  how	  these	  two	   memory	   systems	   interact.	   Mostly,	   these	   two	   memory	   systems	   have	   been	   investigated	   in	  isolation	   and	   studies	   on	   their	   interaction	   and	   interrelation	   are	   scarce.	   To	   what	   extent	   are	   they	  independent	  from,	  dependent	  on	  or	  even	  (partially)	  overlapping	  with	  each	  other?	  Are	  WM	  and	  LTM	  really	  dissociable	  memory	  systems	  that	  obey	  different	  principles	  of	  encoding,	  storage,	  and	  retrieval	  depending	   on	   the	   length	   of	   the	   retention	   interval?	   Which	   mechanisms,	   processes	   and	   cognitive	  operations	   during	   a	   WM	   task	   are	   critical	   for	   a	   memory	   content	   to	   be	   transferred	   into	   the	   more	  durable,	   stable	   long-­‐term	   store?	  What	   is	   the	   role	   of	   LTM	  processes	  during	   the	   execution	  of	   a	  WM	  task?	   To	   what	   extent	   is	   performance	   on	   a	   WM	   task	   supported	   by	   LTM	   processes?	   Are	   the	  representations	  between	  items	  that	  do	  survive	  into	  LTM	  and	  those	  that	  are	  only	  kept	  in	  WM	  and	  did	  not	  make	  into	  LTM	  quantitatively	  and/or	  also	  qualitatively	  distinct?	  Which	  brain	  regions	  are	  critical	  in	  WM	  and	  which	  brain	  areas	  support	  LTM	  formation,	  particularly	  during	  the	  performance	  of	  a	  WM	  task?	  What	  is	  the	  role	  of	  emotions	  for	  WM	  and	  LTM?	  The	  present	  dissertation	  may	  not	  give	  the	  final	  answer	  on	  these	  questions,	  but	  will	  help	  in	  the	  enterprise	  of	  accumulating	  empirical	  evidence	  on	  this	  largely	  neglected	  topic.	  However,	  before	  I	  turn	  to	  the,	  albeit	  preliminary,	  answers	  it	  is	  important	  to	  take	  a	  closer	  look	  at	  the	  current	  literature	  on	  WM	  and	  LTM.	  I	  will	  first	  review	  predominant	  cognitive	  theories	   on	  WM	   and	   LTM,	   before	   turning	   to	  where	   and	   how	   these	   two	  memory	   systems	  may	   be	  represented	  in	  the	  brain;	  that	  is,	  the	  cognitive	  neurosciences	  of	  WM	  and	  LTM.	  Finally,	  a	  brief	  review	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will	  be	  given	  on	   the	  current	   literature	  of	  how	  WM	  and	  LTM	  may	   interact	  and	   to	  what	  extent	   they	  may	  be	  functionally	  and	  neurally	  (in)dependent.	  
Models	  of	  working	  memory	  
Early	  models	  The	  distinction	  between	  WM	  and	  LTM	  has	  already	  been	  made	  by	  William	  James	  in	  his	  “Principles	  of	  Psychology”	   (1890)	   who	   then	   called	   these	   separate	   entities	   primary	   and	   secondary	   memory.	  Another	  influential	  memory	  theory,	  which	  distinguished	  a	  STM	  and	  LTM	  component	  was	  the	  multi-­‐store	  model	  by	  Atkinson	  and	  Shiffrin	   (1968).	   In	   their	  model,	  Atkinson	  and	  Shiffrin	   assumed	   three	  different	   memory	   stores:	   a	   sensory	   store,	   STM	   and	   LTM.	   The	   maybe	   somewhat	   simplistic	   model	  stated	   that	   attentional	   processes	   determine	   whether	   items	   will	   move	   to	   the	   short-­‐term	   storage.	  Subsequently,	  items	  can	  be	  transferred	  from	  the	  short-­‐term	  storage	  to	  the	  long-­‐term	  store,	  but	  only	  if	   they	  are	  rehearsed.	  Hence,	  all	   information	  that	  wants	   to	  arrive	   in	  LTM	  need	  to	  pass	   through	  the	  short-­‐term	   store.	  However,	   the	  modal	  model	   of	   Atkinson	   and	   Shiffrin	  modal	  model	  was	   criticized	  very	  soon	  after	   its	  publication	  as	  being	  at	  variance	  with	  then	  new	  empirical	   findings.	  For	  example,	  their	   proposal	   that	   holding	   and	   retrieving	   information	   in	   the	   short-­‐term	   store	  would	   “guarantee”	  transfer	  to	  LTM	  appeared	  to	  be	  disproven	  (Craik	  &	  Lockhart,	  1972;	  cf.	  Baddeley,	  2012).	  In	  addition,	  studies	  demonstrated	  that	  patients	  can	  be	  impaired	  on	  a	  WM	  task,	  without	  affecting	  performance	  on	  a	  LTM	  task	  (Warrington	  &	  Shallice,	  1969).	  Hence,	  information	  did	  not	  necessarily	  have	  to	  be	  in	  the	  short-­‐term	   store	   before	   entering	   into	   LTM,	   being	   inconsistent	  with	   the	   assumptions	   of	   the	  modal	  model.	  
Baddeley’s	  multistore	  memory	  model	  To	   accommodate	   these	   findings	   Baddeley	   and	   Hitch	   (1974)	   proposed	   their	   (until	   today)	   most	  influential	  and	  repeatedly	  updated	  (Baddeley,	  1986,	  2000)	  WM	  model.	   In	  short,	  Baddeley	  assumes	  that	   WM	   is	   a	   multicomponent	   phenomenon	   consisting	   of	   modality-­‐dependent	   and	   modality-­‐independent	  subsystems	  (see	  Fig.	  1	  for	  his	  extended	  WM	  model,	  where	  he	  also	  considers	  some	  links	  between	  WM	  and	  LTM).	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Fig.	   1.	   Extended	   working	   memory	   model	   by	   Baddeley	   (2000)	   with	   the	   white	   areas	  representing	  the	  proposed	  subsystems	  particularly	  crucial	  for	  WM	  and	  the	  shaded	  areas	  representing	   more	   “crystallized”	   cognitive	   systems	   associated	   with	   LTM	   and	   LTM	  knowledge.	  Adapted	  from	  Baddeley	  (2000).	  Whereas	   the	  visual-­‐spatial	   sketchpad	   is	   assumed	   to	   temporarily	   retain	  and	   store	  visuo-­‐perceptual	  input,	   the	   phonological	   loop	   is	   thought	   to	   temporarily	   hold	   and	   store	   phonological	   input.	   The	  function	  of	  the	  most	  complex	  subcomponent,	  the	  central	  executive,	  is	  focusing	  of	  attention,	  dividing	  attention	  between	   two	   targets	  or	   stimulus	   streams,	   switching	  between	   tasks,	   and	   interfacing	  with	  LTM	   (Baddeley,	   2000;	   2012).	   In	   2000,	   Baddeley	   added	   a	   fourth	   component,	   the	   capacity-­‐limited	  episodic	   buffer,	   thought	   to	   hold	   “integrated	   episodes	   or	   chunks	   in	   a	   multidimensional	   code”	   and	  “linking	  WM	   to	   perception	   and	   LTM”	   (Baddeley,	   2012;	   p.	   15).	   Hence,	   whereas	   Baddeley	   used	   to	  regard	  WM	   and	   LTM	   as	   separate	   entities	   (e.g.,	   Baddeley	   &	   Hitch,	   1974;	   Baddeley	   &	  Warrington,	  1970)	  with	  no	  clear	  link	  between	  these	  two	  memory	  systems,	  he	  now	  suggests	  that	  they	  are	  linked,	  even	   suggesting	   that	   “if	   it	   is	   episodic	   memory	   (rather	   than	   non-­‐declarative	   memory	   or	   semantic	  memory;	   authors’	   note)	   then	   it	   has	   to	   go	   through	   working	   memory”	  (http://www.youtube.com/watch?v=k8Bgs8EarR0).	   Interestingly,	   by	   proposing	   that	   episodic	  memory	  has	  to	  go	  through	  WM,	  he	  seems	  to	  renounce	  one	  of	  his	  original	  reasons	  to	  reject	  the	  model	  by	  Atkinson	  and	  Shiffrin	  (1968)	  in	  the	  first	  place.	  	  
Cowan’s	  embedded-­‐processes	  model	  	  A	  second	   influential	  WM	  theory	  has	  been	  proposed	  by	  Cowan	   (1988,	  1999,	  2005;	  see	  Fig.	  2).	  This	  “embedded-­‐processes	   model”	   regards	   WM	   as	   nothing	   else	   than	   activated	   LTM;	   that	   is,	  representations	   held	   in	   WM	   are	   a	   subset	   of	   representations	   of	   LTM.	   According	   to	   this	   model,	  representations	  may	  subside	   in	  different	  activation	   levels,	  namely	   (1)	   in	  a	   currently	  non-­‐activated	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LTM	  store,	  (2)	  a	  subset	  of	  LTM	  which	  is	  currently	  activated,	  and	  (3)	  the	  focus	  of	  attention.	  Whereas	  the	  capacity	  of	  LTM	  is	  thought	  to	  be	  unlimited,	  the	  currently	  activated	  subset	  of	  LTM	  may	  comprise	  not	  more	  than	  three	  to	  four	  items	  (or,	  better,	  chunks,	   i.e.,	   the	  result	  of	  the	  grouping	  of	   information	  into	  one	  meaningful	  unit).	  Finally,	  the	  capacity	  limit	  of	  the	  focus	  of	  attention	  may	  not	  be	  larger	  than	  one	   chunk,	   representing	   the	   most	   heightened	   state	   of	   activation.	   In	   an	   analogy,	   Galton	   (1983)	  summarized	   this	   as	   follows:	   “There	   seems	   to	   be	   a	   presence-­‐chamber	   in	   my	   mind	   where	   full	  consciousness	  holds	  court,	  and	  where	  two	  or	  three	   ideas	  are	  at	   the	  same	  time	   in	  audience,	  and	  an	  ante-­‐chamber	   full	   of	   more	   or	   less	   allied	   ideas,	   which	   is	   situated	   just	   beyond	   the	   full	   ken	   of	  consciousness.”	  (Galton,	  1983;	  p.	  146).	  
	  
Fig.	  2.	  Embedded-­‐processes	  model	  by	  Cowan	  (1999;	  2005;	  2009)	  where	  the	  information	  can	   reside	   in	   three	   different	   levels	   of	   activation:	   (Inactivated)	   long-­‐term	   memory,	   an	  active	   portion	   of	   long-­‐term	  memory	   and	   the	   focus	   of	   attention.	   Adapted	   from:	   Cowan	  (2005).	  	   The	   two	  predominant	  memory	   frameworks,	   i.e.	   the	  multistore	  memory	  model	  of	  Baddeley	  and	  Cowan’s	  embedded	  process	  model	  are	  not	  restricted	  to	  the	  domain	  of	  WM	  but	  also	  attempt	  to	  integrate	  possible	  interactive	  processes	  between	  these	  two	  memory	  systems.	  Nevertheless,	  as	  stated	  previously,	  these	  two	  memory	  systems	  are	  often	  investigated	  separately	  from	  each	  other	  and	  models	  on	  LTM	  do	  typically	  not	  consider	  WM	  or	  WM	  processes,	  as	  we	  will	  see	  in	  the	  next	  sections.	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Models	  of	  long-­‐term	  memory	  
Distinct	  long-­‐term	  memory	  systems	  First,	  it	  is	  important	  to	  note	  that	  “LTM”	  is	  a	  broad	  term,	  comprising	  several	  distinct	  subtypes.	  A	  key	  distinction	   has	   been	  made	   between	   declarative	  memory	   (knowledge	   to	  which	  we	   have	   conscious	  access	  to)	  and	  non-­‐declarative	  memory	  (to	  which	  we	  do	  not	  have	  conscious	  access).	  Squire	  (1992)	  proposed	  a	  more	  fine-­‐grained	  classification	  of	  different	  LTM	  types	  (see	  Fig.	  3).	  
	  
Fig.	  3.	  LTM	  and	  its	  proposed	  subsystems	  (adapted	  from	  Squire,	  1992).	  It	   is	   questionnable	   to	   what	   extent	   these	   proposed	  memory	   systems	   are	   truly	   dissociated	  from	   each	   other.	   For	   instance,	   semantic	   memory	   may	   reflect	   the	   residue	   of	   many	   episodes;	  (Baddeley,	  2001).	  Still,	  this	  multiple-­‐system	  view	  on	  memory	  appears	  widely,	  though	  not	  generally	  accepted.	  In	  the	  present	  thesis,	  I	  will	  focus	  on	  declarative	  memory,	  specifically	  on	  episodic	  memory	  (Tulving,	   1983,	   2002).	   Episodic	  memory	   consists	   of	   the	   encoding,	   storing	   and	   retrieval	   of	   specific	  events	  and	  episodes.	  Other	  researchers	  describe	  it	  as	  the	  “what,”	  “where,”	  and	  “when”	  of	  a	  particular	  event	   (e.g.,	   Clayton	   &	   Dickinson	   1998;	   Tulving,	   2002)	   and	   stress	   the	   associative	   and	   contextual	  character	   of	   episodic	   memory	   during	   encoding	   and	   retrieval.	   That	   is,	   we	   do	   not	   only	   form	  associations	  among	  items	  or	  targets,	  but	  also	  create	  associations	  between	  the	  items	  and	  its	  (spatio-­‐)	  temporal	  and	  situational	  context	  which	  lies	  at	  the	  core	  of	  episodic	  memory	  (Tulving,	  2002).	  	  In	  the	  next	  sections,	  I	  will	  introduce	  some	  important	  theories	  and	  concepts	  of	  LTM,	  focussing	  on	   encoding	   and	   different	   retrieval	   types	   rather	   than	   storing	   or	   consolidation	   procsesses	   as	   the	  present	  thesis	  did	  not	  explicitly	  deal	  with	  the	  latter	  two.	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Recollection	  vs.	  	  familiarity	  and	  the	  butcher	  in	  the	  bus	  Since	  Mandler’s	  (1980)	  introduction	  and	  his	  famous	  butcher-­‐in-­‐the-­‐bus	  phenomenon,	  the	  (possible)	  dissociation	   between	   familiarity	   (sometimes	   referred	   to	   as	   remembering)	   and	   recollection	   (or	  knowing)	   has	   been	   heavily	   debated.	   According	   to	   Mandler,	   familiarity	   is	   characterized	   by	   an	  automatically	  elicited	  “gut	  feeling”	  of	  having	  seen,	   for	  instance,	  a	  person	  in	  the	  bus	  before,	  without	  remembering	  any	  specific	  detail	  of	  who	  that	  person	  might	  be	  or	  where,	  when	  and	  how	  you	  met	  him.	  In	   other	   words,	   it	   is	   a	   rather	   context-­‐free	   sense	   of	   knowing.	   Recollection,	   in	   contrast,	   typically	  involves	  remembering	  specific	  details	  of	  an	  event,	  object	  or	   face.	  That	   is,	  you	  might	  remember	  the	  situational,	  spatiaotemporal	  context	  of	  the	  previous	  encounter	  with	  this	  man	  such	  as	  remembering	  him	  handing	  you	  a	  chop	  of	  meat,	  which	  again	  may	  trigger	  additional	  details	  of	  that	  event.	  	  There	   is	   an	   extensive	   number	   of	   studies	   and	   review	   papers	   on	   the	   proposed	   dissociation	  between	   familiarity	   and	   recollection,	   often	   referred	   to	   as	   the	   dual-­‐process	   theory.	   A	   still	   ongoing	  discussion	  deals	  with	  the	  question	  whether	  familiarity	  and	  recollection	  are	  supported	  by	  the	  same	  or	  different	  brain	   regions	   and	  networks	  or	  whether	   reported	  differences	   in	   the	  underlying	  neural	  substrates	  may	  be	  due	  to	  a	  confound	  based	  on	  memory	  strength	  (Daselaar,	  Fleck,	  &	  Cabeza,	  2006;	  Diana,	   Yonelinas,	   &	   Ranganath,	   2007;	   Henson,	   Rugg,	   Shallice,	   Josephs,	   &	   Dolan,	   1999;	   Kirwan,	  Wixted,	   &	   Squire,	   2010;	   Montaldi	   &	   Mayes,	   2010;	   Wais,	   Squire,	   &	   Wixted,	   2010;	   Wais,	   Wixted,	  Hopkins,	  &	  Squire,	  2006;	  Weis	  et	  al.,	  2004;	  Wixted,	  Mickes,	  &	  Squire,	  2010;	  Wixted	  &	  Squire,	  2004;	  Yonelinas,	  2002;	  Yonelinas	  et	  al.,	  2002;	  Yonelinas,	  Otten,	  Shaw,	  &	  Rugg,	  2005).	  In	  the	  present	  thesis,	  we	   almost	   exclusviely	   used	   associative	   memory	   tasks,	   that	   is,	   memory	   for	   the	   link	   between	  component	   parts	   (e.g.	   words	   and	   objects),	   where	   the	   link	   can	   either	   be	   directly	   or	   via	   spatial,	  temporal	  or	  other	  kinds	  of	  relationships	  (Mayes,	  Montaldi,	  &	  Migo,	  2007).	  This	  is	  important	  because	  it	   has	   been	   proposed	   that	   memory	   for	   associations	   may	   always	   reflect	   recollection	   rather	   than	  familiarity	  (Aggleton	  &	  Brown,	  1999;	  Eichenbaum,	  Yonelinas,	  &	  Ranganath,	  2007;	  Mayes	  et	  al.,	  2007;	  Yonelinas,	  1997),	  as	  long	  as	  the	  two	  streams	  of	  information	  that	  need	  to	  be	  coupled	  are	  not	  unitized	  (Giovanello,	  Keane,	  &	  Verfaellie,	  2006;	  Quamme,	  Yonelinas,	  &	  Normani,	  2007;	  Staresina	  &	  Davachi,	  2010);	  “unitization”	  refers	  to	  the	  process	  of	  representing	  separate	  streams	  of	  information	  as	  a	  single	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unit	  and,	  hence,	  shares	  some	  similarities	  with	  the	  previously	  described	  phenomenon	  of	  “chunking”	  (Graf	  &	  Schacter,	  1989;	  Laberge	  &	  Samuels,	  1974).	  	  	  
Recognition	  vs.	  recall	  Another	  relevant	  distinction	  denotes	  two	  different	  retrieval	  demands,	  namely	  recall	  vs.	  recognition.	  Whereas	   recall,	   sometimes	   referred	   to	   as	   “free	   recall”,	   is	   a	   cue-­‐less	   type	   of	   testing	   memory,	  recognition	   memory	   is	   always	   cue-­‐based.	   That	   is,	   a	   sensory	   cue	   is	   given	   that	   may	   (or	   may	   not)	  trigger	  a	  sense	  of	  having	  encountered	  this	  specific	  item,	  stimulus	  or	  combination	  of	  stimuli	  before	  (if	  the	  presented	  item	  triggers	  or	  is	  supposed	  to	  trigger	  an	  associated	  item	  or	  stimulus,	  this	  would	  be	  called	   “cued	   recall”).	   For	   instance,	   in	   a	   memory	   task	   where	   participants	   are	   asked	   to	   try	   to	  remember	  a	  previously	  learned	  word	  list,	  the	  instruction	  in	  a	  free	  recall	  memory	  test	  would	  just	  be	  “please	  try	  to	  recall	  as	  many	  words	  from	  the	  list	  as	  possible”.	  In	  contrast,	   in	  a	  recognition	  memory	  paradigm,	  participants	  may	  receive	  a	  list	  of	  words	  that	  either	  were	  or	  were	  not	  part	  of	  the	  learned	  list	  and	  give	  an	  “old”	  or	  “new”	  rating	  for	  each	  word.	  In	  the	  present	  dissertation,	  given	  the	  stimuli	  and	  stimulus	   complexity	   used	   in	   the	   experiments	   (often	   faces,	   houses,	   irregular	   three-­‐dimensional	  objects	  or	  pictures	  of	  scenes)	  and	  hence	  the	  difficulty	  to	  verbally	  describe	  them,	  we	  exclusively	  used	  recognition	  memory	  paradigms,	  as	  is	  mostly	  done	  in	  visual	  WM	  and	  LTM	  tasks.	  	  
The	  cognitive	  neuroscience	  of	  WM	  Which	  brain	  regions	  support	  WM	  and	  particularly	  successful	  WM	  processing?	  First,	  it	  is	  important	  to	  note	   that	   typically	   several	   distinct	   cognitive	   operations	   are	   required	   to	   execute	   a	   WM	   task	  successfully.	  Hence,	  the	  first	  step	  would	  be	  to	  define	  which	  cognitive	  operations	  and	  processes	  are	  involved	  in	  the	  specific	  task	  under	  investigation.	  The	  typical	  and	  most	  often	  employed	  WM	  task	  is	  a	  delayed-­‐match-­‐to-­‐sample	  task,	  consisting	  of	  (1)	  a	  learning,	  encoding	  or	  sample	  phase,	  during	  which	  the	  stimulus	  that	   is	   to	  be	  remembered	   is	  being	  presented;	  (2)	   the	  maintenance,	  retention	  or	  delay	  phase	   (typically	   not	   lasting	   longer	   than	   a	   couple	   of	   seconds)	   across	  which	   the	   to-­‐be-­‐remembered	  stimulus	  is	  being	  maintained	  /	  remembered	  and,	  finally,	  (3)	  a	  probe	  or	  test	  phase,	  often,	  particularly	  in	  the	  visual	  WM	  domain,	  being	  a	  recognition	  memory	  paradigm.	  It	   is	  clear	  from	  this	  descricption	  that	  these	  distinct	  WM	  stages	  require	  different	  operations	  to	   be	   executed	   and,	   hence,	   are	   subserved	   by	   different	   underlying	   brain	   regions	   and	   networks.	   In	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addition,	   recruitment	   of	   specific	   brain	   networks	   is	   also	   dependent	   on	   the	   modality	   of	   the	  memorandum,	   the	   stimulus	   type	   (e.g.,	   numbers,	   letters,	   complex	   scenes,	   faces)	   and	   possible	  additional	   processes	   required	   to	   perform	   the	   task	   (e.g.,	   manipulation	   of	   the	   information	   like	  inverting	  the	  order	  of	  a	  sequence	  of	  digits	  or	  associating	  /	  binding	  two	  arbitrary	  stimuli).	  However,	  next	   to	   these	  modality-­‐	   and	   process-­‐specific	   operations,	   it	   has	   been	   suggested	   that	  modality-­‐	   and	  process-­‐independent	  operations	  are	  required,	  recruiting	  supramodal	  frontal	  and	  parietal	  areas	  (see	  e.g.	   review	   by	   Linden,	   2007).	   These	   cognitive	   operations	   may	   comprise	   more	   basic	   cognitive	  functions	  such	  as	  sustained	  attention	  as	  well	  as	  cognitive	  control	  operations	  required	  in	  most,	  if	  not	  all,	  WM	  tasks.	  	  One	   powerful	   memory	   paradigm,	   developed	   to	   investigate	   which	   brain	   regions	   support	  successful	   memory	   formation	   and	   which	   has	   been	   used	   often	   in	   the	   iterature	   is	   the	   so-­‐called	  subsequent	  memory	  paradigm	  (Brewer,	  Zhao,	  Desmond,	  Glover,	  &	  Gabrieli,	  1998;	  Fernández	  et	  al.,	  1999;	  Wagner	  et	  al.,	  1998).	  In	  such	  a	  paradigm,	  participants	  are	  presented	  with	  a	  number	  of	  stimuli	  during	   the	   encoding	   phase	   and	   are	   subsequently	   (10	   minutes	   or	   more	   after	   scanning)	   tested	   on	  these	   stimuli.	   Trials	   are	   then	   sorted	   into	   those	   that	   were	   remembered	   versus	   those	   that	   were	  forgotten	  in	  the	  subsequent	  memory	  task.	  A	  greater	  fMRI	  (BOLD)	  signal	  in	  a	  certain	  brain	  region	  for	  stimuli	   that	   were	   remembered	   than	   for	   those	   later	   forgotten	   indicates	   that	   this	   brain	   region	   is	  involved	   in	   successful	   encoding.	   The	   short	   review	   on	   the	   cognitive	   neuroscience	   of	  WM	   and	   LTM	  that	  will	  be	  given	  in	  the	  following	  sections,	  is	  often	  based	  on	  this	  kind	  of	  paradigm.	  However,	  so	  far,	  only	  one	  study	  has	  been	  published	  that	  used	  such	  a	  paradigm	  for	  a	  WM	  task,	  that	  is,	  contrasting	  WM	  correct	  with	  WM	  incorrect	  trials	  (Hannula	  &	  Ranganath,	  2008).	  
Encoding	  phase	  During	   the	   encoding	   /	   initial	   perception	   of	   the	  memorandum,	   it	   is	   obvious	   that	   brain	   regions	   are	  recruited	   known	   to	   be	   involved	   in	   the	   perceptual	   processing	   of	   the	   stimulus	   (in	   case	   of	   a	   visual	  stimulus,	  both	  striate	  cortex	  and	  visual	  association	  areas,	   like	  the	  fusiform	  gyrus	  for	  facial	  stimuli).	  In	  other	  words,	  at	  least	  for	  visual	  WM,	  more	  posterior,	  perception-­‐associated	  areas	  are	  activated.	  In	  addition,	   when	   the	   WM	   task	   consists	   of	   an	   associative	   WM	   task	   brain	   areas	   may	   be	   involved	  suggested	   to	   be	   crucial	   in	   the	   binding	   of	   stimuli,	   i.e.	   the	   hippocampus.	   Evidence	   for	   a	   possible	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hippocampal	   involvement	   for	   associative	   WM	   tasks	   come	   from	   different	   sources.	   For	   instance,	  patients	   with	   amnesia	   due	   to	   medial	   temporal-­‐lobe	   damage	   are	   disproportionately	   impaired	   on	  various	   relational	  WM	  memory	   tasks	   compared	   to	   single-­‐item	   conditions	   (Crane	   &	  Milner,	   2005;	  Giovanello,	   Verfaellie,	   &	   Keane,	   2003;	   Hannula,	   Tranel,	   &	   Cohen,	   2006;	   Hartley	   et	   al.,	   2007;	  Holdstock,	  Shaw,	  &	  Aggleton,	  1995;	  Nichols,	  Kao,	  Verfaellie,	  &	  Gabrieli,	  2006;	  Olson,	  Moore,	  Stark,	  &	  Chatterjee,	   2006;	   Piekema	   et	   al.,	   2007;	   Rose,	   Olsen,	   Craik,	  &	  Rosenbaum,	   2012;	   Turriziani,	   Fadda,	  Caltagirone,	  &	  Carlesimo,	  2004;	  but	  see	  Jeneson,	  Mauldin,	  Hopkins,	  &	  Squire,	  2011;	  Jeneson,	  Mauldin,	  &	   Squire,	   2010;	   Jeneson,	  Wixted,	   Hopkins,	   &	   Squire,	   2012;	   Stark,	   Bayley,	   &	   Squire,	   2002;	   Stark	  &	  Squire,	  2003).	  However,	  patient	  studies	  can	  not	  distinguish	  between	  different	  WM	  stages.	  But	  also	  functional	  neuroimaging	  studies	  demonstrated	  relatively	  greater	  hippocampal	  activation	  for	  bound	  vs.	   single-­‐item	   information	   (Davachi	   &	   Wagner,	   2002;	   Giovanello,	   Schnyer,	   &	   Verfaellie,	   2004;	  Pihlajamaki	   et	   al.,	   2003),	   for	   between-­‐	   vs.	   within-­‐domain	   associations	   (Piekema	   et	   al.,	   2009)	   and	  inter-­‐	   vs.	   intra-­‐item	   associations	   (Piekema	   et	   al.,	   2010)	   and	   this	   hippocampal	   involvement	   was	  typically	  particularly	  pronounced	  during	  the	  encoding	  phase.	  In	  addition,	  the	  only	  study	  that	  used	  a	  subsequent	  memory	  paradigm	  for	  a	  (visuo-­‐spatial)	  WM	  task	  (i.e.,	  contrasting	  WM	  correct	  with	  WM	  incorrect	  trials)	  reported	  greater	  hippocampal	  activation	  during	  the	  encoding	  phase	  for	  correct	  vs.	  incorrect	   trials.	   Moreover,	   prefrontal	   (ventrolateral	   prefrontal	   cortex)	   as	   well	   posterior	   parietal	  cortex	   have	   been	   shown	   to	   be	   differentially	   activated	   for	   correct	   vs.	   incorrect	   trials	   in	   a	   object-­‐location	  WM	  task	  (Hannula	  &	  Ranganath,	  2008).	  	  Sometimes	  this	  kind	  of	  evidence	  has	  been	  taken	  as	  evidence	  that	  a	  particular	  brain	  region	  is	  critical	   for	   WM	   processing.	   However,	   hippocampal	   activation	   (or	   activation	   in	   may	   other	   brain	  areas)	  during	   the	   execution	  of	   a	  WM	   task	  does	  not	  necessarily	   imply	   that	   this	   is	   a	  prerequisite	  of	  successful	  execution	  of	  the	  WM	  task.	  Rather,	  as	  I	  will	  argue	  later	  on,	  it	  could	  be	  associated	  with	  LTM	  processing	  or	  rather	  with	  cognitive	  processes	  that	  are	  classically	  more	  typically	  associated	  with	  LTM	  rather	  than	  WM	  (like	  e.g.	  more	  elaborate,	  semantically	  enriched	  processing).	  
Maintenance	  phase	  During	  the	  maintenance	  phase,	  a	  posterior-­‐anterior	  shift	  has	  been	  proposed	  to	  occur	  (Linden,	  2007).	  Specifically,	  more	   frontal	   and	   parietal	   regions	  may	   take	   over	   and	   demonstrate	   persistent	   activity,	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possibly	   reflecting	   attentional	   and	   cognitive	   control	   processes.	   In	   addition,	   sustained	   activity	   in	  content-­‐specific	  brain	  areas	  has	  been	  reported,	   such	  as	  persistent	  activity	   in	   the	  parahippocampal	  place	  area	  when	  maintaining	  scenes	  or	  in	  fusiform	  gyrus	  during	  the	  delay	  phase	  when	  maintaining	  facial	  stimuli	  (Burgess,	  Jeffery,	  &	  O’Keefe,	  1999;	  della	  Rocchetta	  &	  Milner,	  1993;	  Milner,	  1962;	  Stuss	  et	   al.,	   1994).	   Interestingly,	   the	   idea	   that	   persistent	   neural	   activity	   underlies	   active	   online	   WM	  maintenance	  has	  been	  postulated	  decades	  ago.	  For	  example,	   the	  first	  electrophysiological	  evidence	  in	  monkeys	  in	  favour	  of	  this	  neural	  basis	  of	  WM	  maintenance	  has	  been	  reported	  in	  the	  early	  1970s	  (Fuster,	   1973;	   Fuster	   &	   Alexander,	   1971)	   and	   in	   monkey	   lesion	   studies	   as	   early	   as	   the	   1930s	  (Jacobsen,	  1935).	  However,	  as	  Gazzaley,	  Rissman	  and	  D’Esposito	  (2004)	  argued,	  persistent	  activity	  within	   isolated	   brain	   regions	   is	   most	   likely	   not	   the	   underlying	   mechanism	   of	   active	   information	  maintenance.	  Rather,	  complex	  interactions	  between	  distributed	  nodes	  of	  neural	  networks,	  possibly	  via	   transient	   changes	   in	   synaptic	   efficiency	   (Zucker	   &	   Regehr,	   2002)	   or	   synchronous	   oscillations	  between	  neuronal	  populations	  (Engel,	  Fries,	  &	  Singer,	  2001;	  Fell	  &	  Axmacher,	  2011;	   Jensen,	  2006;	  Jensen	   &	   Lisman,	   2005;	   Singer	   &	   Gray,	   1995)	   are	   thought	   to	   subserve	   active	  WM	  maintenance	   –	  processes	  which	  may	  be	  difficult	   to	  detect	  with	   techniques	   such	  as	   fMRI.	  This	   is	   supported	  by	   the	  only	   subsequent	   WM	   paradigm	   reported	   so	   far.	   When	   contrasting	   correct	   with	   incorrect	   trials,	  Hannula	  &	  Ranganath	   (2008)	   did	   not	   find	   any	   supra-­‐threshold	   activation.	   It	   is	   interesting	   to	   note	  that	  previous	  studies	  that	  did	  show	  differential	  maintenance-­‐related	  activation	  typically	  contrasted	  the	  maintenance	  period	  with	   a	   lower	   level	  baseline	   condition	   (often	  a	  phase	  without	   a	  mnemonic	  component)	   or	   manipulated	   the	   memory	   load,	   resulting	   in	   a	   relatively	   greater	   activation	   for	   the	  higher	  load	  conditions.	  In	  other	  words,	  as	  long	  as	  the	  memory	  load	  is	  held	  constant,	  there	  does	  not	  seem	  to	  be	  much	  evidence	  for	  a	  differential	  BOLD	  signal	  during	  the	  maintenance	  phase.	  
Probe	  phase	  The	  probe	  phase	  of	  WM	  has	  been	  largely	  neglected	  in	  the	  literature.	  This	  may	  be	  due	  to	  the	  proposal	  that	  information	  in	  WM	  is,	  according	  to	  most	  WM	  models,	  by	  definition,	  ”active”,	  that	  is,	  in	  the	  focus	  of	  attention	  (Cowan,	  1988,	  1999,	  2005)	  and,	  hence,	  it	  should	  be	  expected	  that	  no	  specific	  processes	  should	  be	  required	  to	  “retrieve”	  the	  to-­‐be-­‐maintained	  information	  when	  tested.	  In	  fact,	  often	  the	  WM	  probe	  mainly	  involves	  the	  comparison	  of	  a	  mental,	  internal	  representation	  of	  the	  to-­‐be-­‐remembered	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stimulus	   to	   a	   current	   sensory	   experience	   (Hannula	  &	  Ranganath,	   2008).	  However,	   one	  may	   argue	  that	   this	   notion	   particularly	   applies	   to	   relatively	   “simple”	   memoranda	   that	   have	   to	   be	   actively	  maintained	  only	  (rather	  than	  transformed	  or	  manipulated,	  that	  is,	  for	  STM	  rather	  than	  WM	  tasks).	  As	  soon	   as	   the	   information	   gets	   more	   complex	   (Jeneson	   &	   Squire,	   2012),	   the	   load	   (Schon,	   Quiroz,	  Hasselmo,	  &	  Stern,	   2009)	  or	   the	  delay	   length	   increases	   (Brozinsky,	  Yonelinas,	  Kroll,	  &	  Ranganath,	  2005;	  Huijbers,	   Pennartz,	  &	  Daselaar,	   2010;	   Talmi,	   Grady,	   Goshen-­‐Gottstein,	  &	  Moscovitch,	   2005),	  and/or	  the	  information	  needs	  to	  be	  transformed	  or	  manipulated,	  more	  complex	  cognitive	  retrieval	  operations	  may	  be	  required	  in	  order	  to	  make	  an	  accurate	  WM	  decision	  and,	  thus,	  reflects	  more	  than	  a	   “passive”	   comparison	   between	   the	   mental	   representation	   and	   a	   sensory	   experience.	   Moreover,	  even	  quite	  “simple”	  WM	  tasks	  such	  as	  the	  digit	  span	  task	  appear	  to	  engage	  a	  wide	  network	  of	  brain	  areas	  during	  the	  recall	  /	  retrieval	  phase.	  In	  addition,	  the	  forward	  and	  backward	  versions	  of	  this	  task	  activate	   largely	   distinct	   brain	   areas	   (Sun	   et	   al.,	   2005).	   Even	   though	   this	   study	   did	   not	   compare	  successful	  vs.	   failed	  retrieval,	   these	  results	   indicate	   that	  WM	  retrieval	  may	  be	  more	  than	  a	  passive	  process	  and	  that	  engagement	  of	  brain	  regions	  may	  be	  dependent	  upon	  the	  task	  characteristics	  and	  demands.	  
When	  does	  a	  WM	  task	  rely	  on	  WM	  processing?	  One	   critical	   question,	   though,	   concerns	   whether	   task	   performance	   in	   “typical”	  WM	   tasks	   actually	  relies	   exclusively	   on	   WM	   processes	   rather	   than	   being	   also	   supported	   by	   LTM	   or	   WM-­‐LTM-­‐interactions	   (Jeneson	  &	   Squire,	   2012).	   In	   other	  words,	   depending	   on	   the	   kind	   of	   task,	   the	   type	   of	  stimuli,	   the	   cognitive	   operations	   required	   to	   complete	   the	   task	   as	   well	   as	   the	   cognitive	   load,	  performance	  on	  a	  WM	  task	   is	  argued	   to	  be,	  at	   least	  partially,	   (co-­‐)dependent	  upon	  LTM	  processes	  rather	   than	   being	   a	   “pure”	   measure	   of	   WM.	   And	   even	   though	   one	   may	   argue	   that	   all	   tasks	   are	  multiply	   determined	   (Tulving,	   1991)	   one	   undoubtedly	   needs	   to	   control	   as	   much	   as	   possible	   for	  potential	  confounding	  factors,	  such	  as	  incidental	  LTM	  effects	  when	  studying	  WM.	  I	  will	  come	  back	  to	  this	   in	   next	   section	   on	   the	   interaction	   between	  WM	  and	   LTM.	  Moreover,	   in	   chapters	   2,	   3	   and	   4,	   I	  controlled	  for	  this	  kind	  of	   incidental	  LTM	  formation	  when	  investigating	  which	  brain	  areas	  support	  successful	   WM	   processing	   by	   administering	   both	   a	   WM	   and	   a	   LTM	   task	   and	   correcting	   for	   LTM	  performance.	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The	  cognitive	  neuroscience	  of	  episodic	  memory	  (LTM)	  
The	  tragic	  case	  of	  H.M.	  On	  September	  1,	  1953,	  the	  famous	  patient	  H.M.	  underwent	  a	  brain	  surgery	  during	  which	  the	  medial	  temporal	   lobes	   including	   large	  parts	  of	   the	   left	  and	  right	  hippocampus	  (see	  Fig	  4.	  and	  Fig.	  5)	  were	  resected	  bilaterally	  in	  an	  attempt	  to	  control	  the	  patients’	  epileptic	  seizures	  (Scoville	  &	  Milner,	  1957).	  After	  the	  surgery,	  the	  seizures	  seemed	  to	  be	  under	  better	  control.	  However,	  it	  resulted	  in	  profound	  memory	   impairments.	   Clinical	   impression	   as	  well	   as	   formal	   neuropsychological	   testing	   over	  more	  than	  five	  decades	  revealed	  that	  H.M.	  forgot	  events	  almost	  as	  fast	  as	  they	  occurred,	  forgot	  the	  names	  of	  persons	  to	  whom	  he	  had	   just	  been	  introduced,	  and	  underestimated	  his	  own	  age	  –	  apparently	   in	  the	  absence	  of	  any	  general	  intellectual	  loss	  or	  perceptual	  disorder	  (Squire,	  2009).	  In	  other	  words,	  he	  could	  not	  form	  new	  memories,	  a	  deficit	  known	  as	  anterograde	  amnesia.	  In	  addition,	  H.M.	  could	  not	  remember	  previous	  events	  relatively	  close	  to	  the	  surgery	  whereas	  he	  was	  able	  to	  recall	  more	  remote	  memories	   quite	   well	   (indicated	   as	   a	   graded	   retroagrade	   amnesia	   and	   predicted	   by	   “Ribot’s	   law”;	  Kopelman,	  2002;	  Ribot,	  1882).	  H.M.	  described	  his	  own	  state	  as	  “like	  waking	  from	  a	  dream	  (...)	  every	  day	   is	  alone	   in	   itself”	   (Milner,	  Corkin,	  &	  Teuber,	  1968,	  p.	  217).	  Until	   that	   time,	   it	  was	   thought	   that	  memory	   was	   widely	   distributed	   in	   the	   cerebral	   cortex	   and	   that	   it	   was	   not	   a	   distinct,	   dissociable	  cognitive	  funcion.	  The	  findings	  from	  H.M.,	  however,	  suggested	  that	  memory	  functions	  can	  be	  isolated	  and	  dissociated	   from	  other	  perceptual	   and	   cognitive	   abilites,	  with	   the	  medial	   temporal	   lobe	  being	  particularly	  important	  for	  the	  acquisition	  of	  new	  (episodic)	  memories	  (cf.	  	  Squire,	  2009).	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Fig.	   4.	   	   The	   hippocampi	   and	   medial	   temporal	   lobes.	   In	   the	   left	   panel,	   left	   and	   right	  hippocampus	   are	   indicated	   in	   pink	   and	   the	   amygdala	   (anterior	   to	   the	   hippocampi)	   is	  coloured	   in	   red.	   The	   right	   panel	   shows	   a	   coronal	   cross-­‐section	   of	   the	   brain	   with	   the	  medial	   temporal	   lobes	   circled	   in	   red	   (Baars	   &	   Gage,	   2007;	   reprinted	   with	   permission	  from	  Elsevier).	  
	  	  	   	  	  	  	  	   	  	  	   	  
Fig.	   5.	   Coronal	  MRI	   scans	   of	   H.M.’s	   brain.	   The	   anterior	   slice	   at	   the	   left	   shows	   that	   the	  anterior	  portion	  of	  the	  hippocampus	  has	  been	  largely	  removed.	  In	  contrast,	  the	  posterior	  slice	   at	   the	   right	   demonstrates	   that	   posterior	   regions	   of	   the	   hippocampus	   have	   been	  relatively	  spared	  during	  the	  surgery.	  	   The	  profound	  impairments	  in	  episodic	  LTM	  and	  particularly	  in	  the	  learning	  of	  new	  information	  stood	  in	  stark	  contrast	  to	  H.M.’s	  obviously	  intact	  performance	  on	  rather	  “typical”	  WM	  tasks.	  For	  instance,	  he	  was	  able	  to	  carry	  on	  conversations,	  performed	  normal	  on	  digit	  span	  tasks	  (i.e.,	  repeat	  back	  a	  string	  of	  digits)	  and	  could	  retain	  a	  three-­‐digit	  number	  for	  as	  long	  as	  15	  min	  by	  continous	  rehearsal.	  In	  other	  words,	  “information	  remained	  available	  so	  long	  as	  it	  could	  be	  actively	  maintained	  by	  rehearsal”	  (Squire,	  2009,	  p.	  7)	  and	  it	  appeared	  that	  the	  transfer	  from	  WM	  to	  LTM	  was	  disrupted.	  Hence,	  these	  results	  suggested	  a	  single	  dissociation,	  with	  medial	  temporal	  lobe	  structures	  mediating	  the	  acquisition	  of	  new	  episodic	  memories	  but	  not	  being	  involved	  in	  WM	  (Drachman	  &	  Arbit,	  1966;	  Milner,	  1972).	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The	  difficulty	  of	  mapping	  (dys-­‐)function	  to	  structure	  It	  turned	  out	  to	  be	  difficult	  to	  link	  the	  functional	  impairments	  of	  H.M.	  to	  specific	  anatomical	  regions.	  As	  mentioned	  before,	  the	  surgical	  resection	  included	  large	  parts	  of	  the	  medial	  temporal	  lobe	  (from	  the	   anterior	   tip	   of	   the	   hippocampi	   but	   leaving	   approximately	   half	   of	   the	   posterior	   hippocampi	  intact),	   as	   well	   as	   surrounding	   cortex	   (Corkin,	   Amaral,	   Gonzalez,	   Johnson,	   &	   Hyman,	   1997;	  Gazzaniga,	   Ivry,	  &	  Mangun,	  2009).	  However,	   the	  medial	   temporal	   lobe	  system	  consists	  of	  multiple,	  functionally	  dissociated	  subregions	  (see	  Fig.	  6)	  with	  a	  hierarchical	  structure	  and	  the	  hippocampus	  at	  the	   “top”.	   That	   is,	   information	   from	  unimodal	   and	  polymodal	   association	   areas	   is	   projected	   to	   the	  hippocampus	  via	  perirhinal	  (possibly	  object	  information)	  and/or	  parahippocampal	  cortex	  (scene	  or	  context	   information)	   and	   the	   entorhinal	   cortex.	   Hence,	   information	   is	   merged	   and	   bound	   in	   the	  hippocampus.	   However,	   as	   many	   of	   these	   subregions	   have	   been	   resected	   in	   H.M.,	   anatomically	  specific	   conclusions	   were	   difficult	   to	   draw	   and	   patient	   studies	   were	   required	   with	   anatomically	  more	  restrcited	  lesions,	  such	  as	  more	  selective	  damage	  to	  the	  hippocampus.	  Studies	  with	  this	  kind	  of	  patients	  appear	  to	  suggest	  that	  mainly	  the	  hippocampus	  proper	  may	  be	  important	  for	  the	  formation	  of	  LTM	  whereas	  these	  patients	  seem	  to	  be	   intact	  on	  WM	  tasks	  (Jeneson	  et	  al.,	  2011;	   Jeneson	  et	  al.,	  2010;	  Jeneson	  et	  al.,	  2012;	  Shrager,	  Levy,	  Hopkins,	  &	  Squire,	  2008).	  In	  addition,	   it	  has	  been	  argued	  that	  WM	  impairments	  may	  only	  be	  observed	  when	  the	  lesion	  is	  not	  limited	  to	  the	  hippocampus	  but	  is	  extended	  to	  surrounding	  regions	  (see	  review	  by	  Jeneson	  &	  Squire,	  2012).	  As	  we	  will	  see	  in	  the	  next	  section,	  this	  proposal	  did	  not	  remain	  undisupted.	  
	  
Fig.	  6.	  Hippocampal	  and	  medial	  temporal	  lobe	  connections	  from	  and	  to	  cortical	  areas.	  A	  hierarchy	  can	  be	  seen	  in	  this	  schematic	  overview	  with	  the	  hippocampus	  being	  at	  the	  top	  and	  receiving	  information	  from	  cortical	  association	  areas	  via	  either	  perirhinal	  cortext	  or	  parahippocampal	   cortex,	   depending	   on	   the	   type	   of	   information	   (“what	   and	   “where”	  (Aggleton,	  2012).	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Does	  the	  hippocampus	  only	  support	  episodic	  LTM?	  The	  conclusion	  that	  WM	  is	  intact	  in	  patients	  with	  hippocampal	  lesion	  has	  been	  challenged	  recently	  (see	   reviews	   by	   Jonides	   et	   al.,	   2008;	   Ranganath	   &	   Blumenfeld,	   2005).	   According	   to	   this	   view,	  recruitment	  of	  specific	  brain	  regions	  and	  networks	   is	  not	  so	  much	  a	  function	  of	  the	  delay	  between	  study	   and	   test	   but	   rather	   depends	   on	   the	  processing	  demands	  of	   the	   task	   at	   hand	   (Henke,	   2010).	  That	  is,	  if	  task	  characteristics	  of	  a	  WM	  and	  LTM	  are	  being	  held	  constant	  and	  thus	  the	  same	  cognitive	  functions	  and	  processes	  are	  required	  to	  successfully	  complete	  the	  task	  at	  hand,	  hippocampus	  may	  be	  involved	   in	   both	  WM	   and	   LTM	   tasks.	   More	   specifically,	   due	   to	   its	   anatomical	   characteristics	   and	  extensive	   reciprocal	   connectivity	  with	   polymodal	   neocortical	   association	   areas	   (Suzuki	   &	   Amaral,	  1994),	  the	  hippocampus	  has	  been	  proposed	  to	  play	  a	  crucial	  role	  in	  all	  kinds	  of	  relational	  processing,	  irrespective	  of	   the	   length	  of	  the	  delay	  between	  study	  and	  test	  (Konkel	  &	  Cohen,	  2009).	  Hence,	   this	  view	  would	  hypothesize	  that	  patients	  with	  (restricted)	  hippocampal	  damage	  would	  be	  impaired	  on	  relational	  WM	  tasks	  –	  tasks	  that,	  for	  instance,	  have	  not	  been	  administered	  in	  H.M.	  I	  will	  come	  back	  to	  the	   possible	   relevance	   of	   the	   hippocampus,	   particularly	   in	   Chapters	   2	   and	   4	   as	   well	   as	   in	   the	  discussion	  of	  the	  present	  thesis.	  
Other	  brain	  regions	  involved	  in	  episodic	  LTM	  Patient	  as	  well	  as	  neuroiamging	  studies	  suggest	  that	  not	  only	  the	  hippocampus	  is	  critical	  in	  LTM.	  For	  instance,	   neuropsychological	   studies	   propose	   that,	   next	   to	   the	   hippocampal	   lesions,	   lesions	   in	  adjacent	  structures	  like	  the	  fornix	  or	  diencephalic	  (e.g.,	  thalamic)	  structures	  may	  cause	  amnesia.	  In	  addition,	  patient	  studies	  showed	  that	  prefrontal	   lesions	  can	  also	  result	   in,	  albeit	  sometimes	  subtle,	  memory	   deficits	   (Milner,	   1962;	   Shimamura,	   1995;	   Stuss	   et	   al.,	   1994),	   possibly	   associated	   with	  deficits	   in	   executive	   control	   during	   encoding	   or	   retrieval,	   a	   failure	   of	   organising	   the	   material	  according	   to	   semantic	   relationships	   (della	   Rocchetta	   &	   Milner,	   1993)	   and/or	   by	   using	   common	  memory	   strategies	   (Moscovitch	   &	  Melo,	   1997).	   Neuroimaging	  work	   also	   stresses	   the	   influence	   of	  attentional,	   motivational	   and	   emotional	   factors	   for	   successsful	   LTM	   formation	   (Miyashita,	   2004).	  Hence,	   LTM	   formation	   (and	   retrieval)	   seem	   to	   rely	   on	   a	   large	   network	   of	   brain	   regions	   and	   the	  medial	  temporal	  lobe	  is	  only	  one,	  though	  one	  important	  player,	  in	  this	  network.	  In	  his	  review	  of	  74	  fMRI	  studies	  employing	   the	  subsequent	  memory	  effect,	  Kim	  (2011)	  suggested	   that,	   at	   least	  during	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the	   encoding	   of	   information,	   the	   involved	   brain	   regions	   may	   be	   broadly	   associated	   with	   three	  different	   functions:	   (1)	   attention	   related	   brain	   regions	   or	   rather	   a	   network	   of	   interacting	   brain	  regions,	  possibily	   including	  frontal	  and	  parietal	  areas	  as	  well	  as	  the	  pre-­‐motor	  cortex;	  (2)	  content-­‐processing	  areas,	  such	  as	  fusiform	  gyrus	  for	  facial	  stimuli	  or	  the	  left	  inferior	  frontal	  cortex	  for	  verbal	  content;	  and	  (3)	  brain	  regions	  more	  related	  to	  binding	  and	  storage,	  with	  the	  hippocampus	  playing	  the	   most	   crucial	   role.	   However,	   this	   division	   does	   not	   represent	   a	   strict	   organization	   and,	   for	  instance,	  all	  regions	  involved	  in	  successful	  LTM	  formation	  during	  encoding	  may	  have	  some	  relevance	  to	  storage.	  Even	   though	   a	   large	   network	   of	   brain	   regions	   has	   been	   implicated	   in	   successful	   LTM	  formation	   and	   retrieval,	   the	   prefrontal	   cortex	   appears	   to	   be	   particularly	   important.	   The	   medial	  prefrontal	  cortex,	  for	  example,	  has	  been	  related	  to	  autobiograhpical	  and	  episodic	  memory	  retrieval	  (Frankland	   &	   Bontempi,	   2005;	   Huijbers	   et	   al.,	   2010;	  Maguire,	   2001)	   and	   it	   seems	   that	  memories	  overt	   time	   become	   increasingly	   dependent	   upon	   the	   medial	   prefrontal	   cortex	   (Takashima	   et	   al.,	  2006),	   taking	   over	   the	   associating	   function	   of	   the	   hippocampus	   (Frankland	   &	   Bontempi,	   2006).	  Moreover,	  the	  ventrolateral	  as	  well	  as	  the	  dorsolateral	  prefrontal	  cortex	  have	  been	  described	  to	  be	  critical	   in	   LTM	   formation.	  The	   ventrolateral	   prefrontal	   cortex	   is	   thought	   	   to	   guide	   the	   selection	  of	  goal-­‐relevant	   detailed	   item	   information	   in	   WM,	   thereby	   promoting	   LTM	   for	   this	   information	  (Blumenfeld	  &	  Ranganath,	  2006).	  In	  addition,	  this	  region	  has	  been	  implicated	  in	  semantic	  processes	  during	  encoding	  that	  facilitate	  storage	  over	  longer	  delay	  periods	  (Badre	  &	  Wagner,	  2007;	  Dobbins	  &	  Wagner,	  2005).	  The	  dorsolateral	  prefrontal	  cortex,	  on	  the	  other	  hand,	  may	  be	  recruited	  to	  guide	  the	  processing	   of	   relational	   information	   in	   WM,	   promoting	   LTM	   for	   this	   kind	   of	   information	  (Blumenfeld,	  Parks,	  Yonelinas,	  &	  Ranganath,	  2011).	  
Interactions	  between	  WM	  and	  LTM	  As	  mentioned	   previously,	   in	  most	   cases	  WM	   and	   LTM	   have	   been	   studies	   in	   isolation,	   resulting	   in	  excessive	  numbers	  of	  papers	  on	  these	  two	  topics.	  However,	  studies	  that	  directly	  compare	  WM	  and	  LTM	  using	  similar	  task	  procedures	  and	  stimuli	  are	  scarce	  (with	  the	  notable	  exception	  of	  Axmacher,	  Elger,	   &	   Fell,	   2009;	   Axmacher,	   Haupt,	   Cohen,	   Elger,	   &	   Fell,	   2009;	   Axmacher,	   Schmitz,	   Weinreich,	  Elger,	   &	   Fell,	   2008).	   This	   makes	   it	   extremely	   difficult	   to	   evaluate	   the	   exact	   underlying	   neural	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substrates	   of	   either	  memory	   system	   as	   they	  may	   be	   confounded	   by	   the	   respective	   other	  memory	  system.	  For	  example,	  imagine	  participating	  in	  a	  WM	  task	  where	  you	  have	  to	  remember	  drawings	  of	  irregular	  shapes.	  What	  most	  participants	  attempt	  to	  do	  is	  trying	  to	  verbally	  label	  these	  shapes	  with	  common	  objects	  or	  shapes	  –	  however,	  this	  kind	  of	  semantic	  processing	  and	  organizing	  the	  stimuli	  is	  not	  typically	  associated	  with	  WM	  processes	  but	  with	  LTM.	  Also,	  when	  trying	  to	  learn	  and	  remember	  pairs	  of	  faces	  and	  houses	  (as	  has	  been	  done	  in	  the	  present	  thesis	  in	  Chapters	  2	  and	  3),	  people	  try	  to	  construct	   some	  memory	   hooks	   –	   again,	   processes	   not	   classically	   associated	   with	  WM.	   Hence,	   we	  know	  that	  all	  memory	  tasks	  are	  “multiply	  determined”	  (Tulving,	  1991)	  and	  under	  some	  (if	  not	  most)	  circumstances	   performance	   on	   a	   WM	   task	   are	   supported	   by	   LTM	   processes,	   like	   for	   example	  semantic	   processing,	   elaboration,	   or	   organizing	   of	   the	   material.	   Or,	   as	   Baddeley	   stated	   it:	   WM	  “involves	   the	   activation	   of	   many	   areas	   of	   the	   brain	   that	   involve	   LTM”	   (Baddeley,	   2012,	   p.	   18).	  However,	  it	  is	  critical	  to	  disentangle	  which	  brain	  regions	  are	  actually	  associated	  with	  “true”	  WM	  or	  LTM	  processes.	  Critically,	  studies	  investigating	  which	  brain	  areas	  support	  successful	  WM	  processing	  did	  not	  control	   for	   incidental	   LTM	   formation	   or	   the	   contamination	   of	   LTM	  when	   performing	   a	  WM	   task.	  However,	  if	  these	  “confounding”	  factors	  are	  not	  considered,	  any	  identified	  brain	  activation	  seemingly	  associated	  with	  (successful)	  WM	  processing	  may	  in	  fact	  be	  actually	  more	  exclusively	  related	  to	  LTM	  formation.	   In	  the	  present	  thesis	   I	   therefore	  controlled	  for	  LTM	  performance	  when	  assessing	  which	  brain	  regions	  supported	  successful	  WM	  processing,	  thereby	  obtaining	  a	  clearer	  picture	  of	  the	  neural	  substrates	  of	  relational	  /	  associative	  WM.	  	  Analogously,	   when	   assessing	   which	   brain	   regions	   support	   the	   successful	   LTM	   formation	  during	   (incidental)	   learning,	   previous	   studies	   analysing	   subsequent	   memory	   effects	   could	   not	  consider	  which	  brain	  regions	  may	  be	  more	  exclusively	  associated	  with	  the	  execution	  of	  the	  WM	  task.	  In	  Chapters	  2,	  3	  and	  4	  a	  combined	  WM	  and	  LTM	  task	  were	  administered	  and	  the	  subsequent	  LTM	  effect	  was	  computed	  exclusively	  for	  stimuli	  that	  previously	  had	  been	  correctly	  processes	  in	  WM.	  This	  again,	   as	   I	   argue,	   should	   provide	   a	   purer	   measure	   of	   the	   brain	   areas	   supporting	   LTM	   formation	  during	  the	  execution	  of	  different	  stages	  of	  a	  WM	  task.	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Outline	  of	  the	  thesis	  In	   the	   following	   five	   chapters	   I	   investigated	   the	   functional	   and	  neural	   relationship,	   commonalities	  and	   differences	   between	   WM	   and	   LTM,	   employing	   both	   functional	   neuroimaging	   as	   well	   as	  hebavioural	  paradigms.	  	   In	   Chapter	   2	   I	   studied	   which	   brain	   regions	   support	   successful	   associative	   WM	   and	  associative	   LTM	   during	   the	   encoding	   phase	   of	   a	   four-­‐pair	   delayed-­‐match-­‐to-­‐sample	  memory	   task.	  While	  this	  WM	  task	  was	  administered	  in	  an	  MRI	  scanner,	  the	  subsequent	  and	  unexpected	  LTM	  task	  was	  assessed	  outside	  the	  scanner.	  	   Chapter	  3	  modified	  and	  extended	  the	  developed	  paradigm	  of	  Chapter	  2,	  enabling	  me	  to	  also	  study	   which	   brain	   regions	   supported	   successful	   associative	   WM	   processing	   and	   successful	  associative	  LTM	  during	  the	  maintenance	  as	  well	  as	  probe	  phase	  of	  the	  WM	  task.	  In	  Chapter	  4	  I	  once	  again	  modified	  the	  combined	  WM	  and	  LTM	  paradigm	  and	  developed	  an	  object-­‐location	  memory	   task	   to	   further	   investigate	   the	   underlying	   neural	   substrates	   of	   successful	  WM	  and	  LTM	  in	  a	  memory	  task	  with	  a	  clear	  (allocentric)	  spatial	  component.	  The	   behavioural	   study	   described	   in	   Chapter	   5	   was	   designed	   to	   evaluate	   the	   possible	  differential	  roles	  of	  the	  early	  and	  late	  stage	  of	  the	  WM	  maintenance	  phase,	  also	  shedding	  some	  light	  on	  the	  time	  course	  of	  the	  formation	  of	  representations	  required	  for	  an	  accurate	  WM	  decision	  and/or	  representations	  supporting	  LTM.	  
Chapter	   6	   describes	   another	   behavioural	   study,	   combining	   a	   WM	   and	   LTM	   task	   and	  investigating	   the	   role	   of	   the	   emotional	   quality	   of	   stimulus	   pairs	   for	   WM	   processing	   and	   LTM	  formation.	  Finally,	   Chapter	   7	   summarizes	   and	   discusses	   the	   principal	   results	   of	   the	   five	   empirical	  chapters.	   Based	   on	   these	   findings,	   a	   model	   is	   presented,	   integrating	   most	   recent	   findings	   on	   the	  relationship	  between	  WM	  and	  LTM	  and	  discussing	  the	  need	  and	  sense	  of	  regarding	  WM	  and	  LTM	  as	  truly	  separate	  memory	  systems.	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Distinct	  neural	  correlates	  of	  associative	  working	  memory	  and	  	  
long-­‐term	  memory	  encoding	  in	  the	  medial	  temporal	  lobe	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  Fernández,	  G.,	  &	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  (2012).	  Distinct	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  correlates	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  working	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Abstract	  Increasing	  evidence	  suggests	  a	  role	   for	  the	  hippocampus	  not	  only	   in	   long-­‐term	  memory	  (LTM)	  but	  also	   in	   relational	   working	  memory	   (WM)	   processes,	   challenging	   the	   view	   of	   the	   hippocampus	   as	  being	   solely	   involved	   in	   episodic	   LTM.	   However,	   hippocampal	   involvement	   reported	   in	   some	  neuroimaging	  studies	  using	  “classical”	  WM	  tasks	  may	  at	  least	  partly	  reflect	  incidental	  LTM	  encoding.	  To	   disentangle	   WM	   processing	   and	   LTM	   formation	   we	   administered	   a	   delayed-­‐match-­‐to-­‐sample	  associative	  WM	  task	   in	  an	  event-­‐related	   fMRI	  study	  design.	  Each	   trial	  of	   the	  WM	  task	  consisted	  of	  four	  pairs	  of	  faces	  and	  houses,	  which	  had	  to	  be	  maintained	  during	  a	  delay	  of	  10s.	  This	  was	  followed	  by	  a	  probe	  phase	  consisting	  of	  three	  consecutively	  presented	  pairs;	  for	  each	  pair	  participants	  were	  to	  indicate	  whether	  it	  matched	  one	  of	  the	  pairs	  of	  the	  encoding	  phase.	  After	  scanning,	  an	  unexpected	  recognition-­‐memory	   (LTM)	   task	   was	   administered.	   Brain	   activity	   during	   encoding	   was	   analyzed	  based	  on	  WM	  and	  LTM	  performance.	  Hence,	  encoding-­‐related	  activity	  predicting	  WM	  success	  in	  the	  absence	  of	  successful	  LTM	  formation	  could	  be	   isolated.	  Furthermore,	  regions	  critical	   for	  successful	  LTM	  formation	  for	  pairs	  previously	  correctly	  processed	  in	  WM	  were	  analyzed.	  Results	  showed	  that	  the	  left	  parahippocampal	  gyrus	  including	  the	  fusiform	  gyrus	  predicted	  subsequent	  accuracy	  on	  WM	  decisions.	   The	   right	   anterior	   hippocampus	   and	   left	   inferior	   frontal	   gyrus,	   in	   contrast,	   predicted	  successful	  LTM	  for	  pairs	  that	  were	  previously	  correctly	  classified	  in	  the	  WM	  task.	  Our	  results	  suggest	  that	   brain	   regions	   associated	   with	   higher-­‐level	   visuo-­‐perceptual	   processing	   are	   involved	   in	  successful	   associative	   WM	   encoding,	   whereas	   the	   anterior	   hippocampus	   and	   left	   inferior	   frontal	  gyrus	  are	  involved	  in	  successful	  LTM	  formation	  during	  incidental	  encoding.	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1.	  Introduction	  Accrued	   evidence	   suggests	   that	   the	   hippocampus	   is	   crucial	   for	   all	   kinds	   of	   relational	   memory,	  irrespective	   of	   the	   time	   interval	   between	   study	   and	   test	   (Eichenbaum	   &	   Cohen,	   1993;	   Konkel	   &	  Cohen,	   2009).	   In	   this	   view,	   the	   recruited	   brain	   regions	   depend	   upon	   the	   type	   of	   stimuli	   to	   be	  processed	   as	   well	   as	   the	   processing	   mode	   rather	   than	   the	   length	   of	   the	   retention	   interval	   (for	  reviews	  see	  Brown,	  Warburton,	  &	  Aggleton,	  2010;	  Henke,	  2010;	   Jonides	  et	  al.,	   2008;	  Ranganath	  &	  Blumenfeld,	  2005;	  but	  see	  Jeneson	  &	  Squire,	  2012).	  This	  notion	  argues	  against	  the	  “traditional”	  idea	  of	  a	  strict	  double	  dissociation	  between	  working	  memory	  (WM)	  and	   long-­‐term	  memory	  (LTM)	  and	  the	  assumed	  distinct	  underlying	  neural	  substrates	  of	  these	  two	  memory	  systems	  (Scoville	  &	  Milner,	  1957;	  Shallice	  &	  Warrington,	  1970;	  for	  a	  review	  see	  Squire	  &	  Zola-­‐Morgan,	  1991).	  Evidence	  supporting	  the	  view	  of	  the	  relevance	  of	  the	  hippocampus	  for	  WM	  processing	  comes	  from	   both	   patient	   and	   neuroimaging	   studies.	   For	   instance,	   patients	   with	   amnesia	   due	   to	   medial	  temporal-­‐lobe	   damage	   are	   disproportionately	   impaired	   on	   various	   relational	   WM	   memory	   tasks	  compared	   to	   single-­‐item	   conditions	   of	   these	   tasks	   (Crane	  &	  Milner,	   2005;	   Giovanello	   et	   al.,	   2003;	  Hannula	   et	   al.,	   2006;	   Olson,	  Moore,	   et	   al.,	   2006;	   Turriziani	   et	   al.,	   2004;	   however,	   see	   Stark	   et	   al.,	  2002;	   Stark	   &	   Squire,	   2003).	   Moreover,	   functional	   neuroimaging	   studies	   demonstrated	   relatively	  greater	   hippocampal	   activation	   for	   bound	   vs.	   single-­‐item	   information	   (Davachi	   &	   Wagner,	   2002;	  Giovanello	   et	   al.,	   2004;	   Pihlajamaki	   et	   al.,	   2003),	   for	   between-­‐	   vs.	   within-­‐domain	   associations	  (Piekema	   et	   al.,	   2009)	   and	   inter-­‐	   vs.	   intra-­‐item	   associations	   (Piekema,	   Rijpkema,	   Fernández,	   &	  Kessels,	  2010),	  using	  maintenance	  intervals	  as	  short	  as	  a	  few	  seconds.	  Complementary	  evidence	  was	  provided	   by	   Hannula	   and	   Ranganath	   (2008)	  who	   administered	   an	   object-­‐location	  WM	   task	   in	   an	  event-­‐related	   fMRI	   study	   design.	   In	   their	   study,	   statistical	   analyses	   focused	   on	   brain	   activity	   that	  could	   predict	   accuracy	   on	   this	  WM	  decision	   task	   during	   encoding,	  maintenance	   and	   probe	   phase.	  The	   authors	   reported	   that	   activation	   in	   bilateral	   anterior	   and	   posterior	   hippocampus	   during	  encoding	   and	   bilateral	   posterior	   hippocampus	   during	   the	   probe	   phase	   predicted	   WM	   accuracy.	  However,	   it	   is	   unclear	   whether	   this	   hippocampal	   involvement	   reflected	   incidental	   LTM	   encoding	  rather	   than	   actual	   WM	   processing	   (cf.	   Axmacher	   et	   al.,	   2007;	   Axmacher	   et	   al.,	   2008;	   Jeneson	   &	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Squire,	  2012).	   In	  addition,	   the	  strong	  spatial	  nature	  of	   their	   task	  may	  have	  enhanced	  hippocampal	  activation	  (Kessels,	  de	  Haan,	  Kappelle,	  &	  Postma,	  2001).	  To	   control	   for	   these	   alternative	   explanations,	   we	   administered	   a	   non-­‐spatial	   four-­‐pair	  delayed-­‐match-­‐to-­‐sample	  associative	  WM	  task	  in	  an	  event-­‐related	  fMRI	  study	  design.	  Subsequently,	  an	   unexpected	   delayed	   recognition-­‐memory	   task	   (LTM	   task)	  was	   performed	   outside	   the	   scanner.	  Brain	  activity	  during	  encoding	  was	  analyzed	  based	  on	  WM	  and	  LTM	  performance	  and	  subsequent	  memory	   effects.	   That	   is,	   study	  pairs	   correctly	   endorsed	   as	   intact,	   i.e.,	   “hits”,	  were	   contrasted	  with	  study	  pairs	  incorrectly	  identified	  as	  re-­‐arranged	  pairs,	  i.e.,	  “misses”.	  This	  was	  done	  for	  both	  the	  WM	  task	  and	  the	  LTM	  task.	  Critically,	  however,	  combining	  a	  WM	  and	  a	  LTM	  task	  allowed	  us	  to	  “correct”	  for	  the	  performance	  on	  either	  task,	  for	  example	  by	  contrasting	  WM	  hits	  with	  WM	  misses	  exclusively	  for	   pairs	   that	   were	   subsequently	   not	   correctly	   recognized	   in	   the	   LTM	   task.	   In	   other	   words,	   this	  paradigm	  allows	   identifying	  brain	   regions	   that	  predict	  accuracy	  on	   the	  WM	  task	   in	   the	  absence	  of	  successful	  LTM	  formation.	  Furthermore,	  brain	  regions	  required	  for	  a	  memory	  to	  ‘survive’	  into	  LTM	  when	  WM	  processing	  has	  already	  been	  successful	  could	  be	  identified.	  These	  regions	  may	  be	  either	  additional	  brain	  structures	  (i.e.,	  qualitatively	  different)	  or	  the	  same	  regions	  that	  are	  engaged	  more	  extensively	  (Uncapher	  &	  Rugg,	  2005).	  	  Based	  on	  earlier	   literature,	  we	  hypothesized	   that	  encoding-­‐related	  hippocampal	  activation	  predicts	  accuracy	  on	  the	  WM	  task,	  even	  in	  the	  absence	  of	  any	  evidence	  of	  successful	  LTM	  formation.	  Similarly,	   hippocampal	   activation	   is	   expected	   to	  predict	   successful	   LTM	   formation,	   even	  when	   the	  study	  pair	  was	  previously	  correctly	  processed	  in	  WM.	  
2.	  Method	  
2.1	  Participants	  	  Twenty-­‐three	  right-­‐handed	  healthy	  students	  (8	  males;	  mean	  age	  =	  21.35	  years,	  ranging	  from	  18	  to	  25)	  were	  included	  in	  the	  study.	  All	  participants	  had	  normal	  or	  corrected-­‐to-­‐normal	  vision.	  None	  had	  a	  history	  of	  neurological,	  major	  medical,	  or	  psychiatric	  disorders.	  Participants	  gave	  written	  informed	  consent	   according	   to	   the	   local	   ethics	   committee	   (CMO	   Region	   Arnhem-­‐Nijmegen)	   and	   the	  declaration	  of	  Helsinki.	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2.2	  Behavioral	  task	  A	  four-­‐pair	  delayed-­‐match-­‐to-­‐sample	  task	  (hereafter	  referred	  to	  as	  WM	  task)	  was	  administered	  in	  an	  MRI	  scanner	  (for	  a	  schematic	  overview	  of	  the	  task	  see	  Fig.	  1).	  The	  encoding	  phase	  consisted	  of	  four	  consecutively	  presented	  pairs	  of	  trial-­‐unique	  colored	  close-­‐ups	  of	  male	  faces	  and	  trial-­‐unique	  close-­‐ups	  of	  modern	  day	  houses.	  The	  face	  was	  always	  depicted	  at	  the	  left	  side	  and	  the	  house	  at	  the	  right	  side	  of	  the	  screen.	  Each	  pair	  was	  shown	  for	  1.75	  s	  and	  the	  four	  pairs	  were	  separated	  from	  each	  other	  by	  a	  variable	  interstimulus	  interval	  of	  3-­‐5	  s	  (in	  steps	  of	  0.5	  s).	  To	  ensure	  that	  each	  encoding	  phase	  took	   the	   same	   time,	   the	   total	   duration	   of	   the	   three	   interstimulus	   intervals	   was	   set	   to	   12	   s.	   The	  encoding	   period	   was	   followed	   by	   a	   10-­‐s	   maintenance	   interval.	   The	   subsequent	   probe	   phase	  consisted	   of	   three	   face-­‐house-­‐pairs	   that	   were	   presented	   serially	   for	   2	   s	   each	   with	   a	   0.5s	  interstimulus	   interval.	  For	  each	  pair,	  participants	  had	  to	   indicate	  whether	  the	  pair	  matched	  one	  of	  the	   four	  pairs	  seen	  during	  the	  encoding	  phase	  or	  not,	  within	  the	  allotted	  time	  constraint	  of	  2	  s,	  by	  pressing	   a	   button	   with	   their	   right	   index	   finger	   (“match”)	   or	   right	   middle	   finger	   (“no	   match”),	  respectively,	   using	   an	   MR-­‐compatible	   keypad.	   Non-­‐matches	   consisted	   of	   intra-­‐trial	   re-­‐arranged	  pairs,	   i.e.,	   no	   stimuli	   from	  earlier	   trials	  or	  new	  stimuli	  were	  used	   for	   the	  probe	  phase.	   In	   total,	   90	  trials	  were	  administered	  in	  the	  scanner	  and	  180	  of	  the	  270	  probed	  pairs	  were	  matches.	  The	  probe	  phase	  could	  consist	  of	  either	  one	  match	  (in	  15	  of	  the	  90	  trials),	  two	  matches	  (in	  60	  trials),	  or	  three	  matches	  (in	  15	  trials)	  but	  participants	  were	  instructed	  that	  zero,	  one,	  two,	  or	  all	  three	  pairs	  could	  be	  correct.	   Preceding	   the	  experiment,	   participants	   received	  written	   instructions	   and	   completed	   three	  practice	  trials	  outside	  the	  scanner	  to	  get	  familiarized	  with	  the	  task.	  	   After	   scanning,	   participants	   were	   presented	  with	   an	   unexpected	   recognition-­‐memory	   test	  (hereafter	  referred	  to	  as	  LTM	  task)	  to	  assess	  LTM	  for	  pairs	  that	  were	  shown	  in	  the	  scanner.	  In	  each	  trial	  of	  the	  LTM	  task	  a	  face-­‐house	  pair	  was	  shown,	  with	  a	  face	  depicted	  at	  the	  left	  and	  a	  house	  at	  the	  right	   side	   of	   the	   screen.	   Participants	  were	   instructed	   to	   rate	   each	   pair	   on	   a	   confidence	   scale	   that	  ranged	  from	  1	  (“definitely	  not	  seen	  during	  scanning	  phase”)	  to	  6	  (“definitely	  seen	  during	  scanning	  phase”).	  180	  trials	  were	  assessed	  and	  126	  (70%)	  of	  the	  probed	  pairs	  were	  matches.	  In	  order	  to	  be	  able	  to	  control	  for	  the	  performance	  on	  the	  LTM	  task,	  these	  matching	  pairs	  were	  also	  probed	  in	  the	  WM	   task.	   Non-­‐matches	   consisted	   of	   re-­‐arranged	   pairs	   of	   faces	   and	   houses	   that	  were	   also	   probed	  
	  	  
	  
38	  
during	  the	  WM	  task	  but	  not	  shown	  together,	  i.e.,	  all	  stimuli	  that	  were	  probed	  in	  the	  LTM	  task	  were	  also	  probed	  in	  the	  WM	  task.	  Consequently,	  all	  items	  presented	  in	  the	  LTM	  task	  were	  shown	  twice	  in	  the	  WM	  task	  (i.e.,	  during	  the	  encoding	  and	  probe	  phase).	  Figure	  1	  gives	  a	  schematic	  overview	  of	  the	  WM	  and	  LTM	  task.	  
	  
Fig.	   1.	   (a)	   Schematic	   overview	   of	   one	   trial	   of	   the	   4-­‐pair	   delayed-­‐match-­‐to-­‐sample	   task	  that	  was	  administered	  in	  the	  MRI	  scanner.	  Note:	  The	  slides	  in	  the	  actual	  experiment	  did	  not	   cover	   the	  whole	   screen.	   The	   graphic	   stimuli	  where	   centered	   and	  depicted	  within	   a	  range	  of	   approximately	  30°	  of	   visual	   angle.	   (b)	  An	  example	  of	   a	   trial	   of	   the	   subsequent	  recognition	  memory	  task	  that	  was	  administered	  outside	  the	  scanner.	  
2.3	  Image	  acquisition	  and	  data	  preprocessing	  	  Images	  were	  collected	  with	  a	  1.5T	  Avanto	  MRI	  scanner	  system	  (Siemens	  Medical	  Systems,	  Erlangen,	  Germany)	   using	   a	   32-­‐channel	   radiofrequency	   head	   coil.	   First,	   high-­‐resolution	   anatomical	   images	  were	  acquired	  using	  a	  T1-­‐weighted	  3D	  MPRAGE	  sequence	  (TR	  =	  2250ms,	  TE	  =	  2.95ms,	  flip	  angle	  =	  15º,	  176	  sagittal	  slices,	  acquisition	  matrix	  =	  256	  ×	  256,	  FOV	  =	  256	  mm,	  voxel	  size	  =	  1	  ×	  1×	  1	  mm3).	  Whole-­‐brain	   functional	   images	  were	   collected	   using	   a	   T2*-­‐weighted	   EPI	   sequence	   (TR	   =	   2280ms,	  TE	  =	  40ms,	   image	   matrix	   =	   64	   ×	   64,	   FOV	   =	   212	   mm,	   flip	   angle	   =	   90º,	   slice	   thickness	   =	   3.0	   mm,	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distance	  factor	  =	  10%,	  voxel	  size	  3.3	  ×	  3.3	  ×	  3.0	  mm3,	  32	  axial	  slices).	  The	  first	  five	  volumes	  of	  the	  EPI	  series	   were	   excluded	   from	   the	   analysis	   to	   allow	   the	   magnetization	   to	   approach	   a	   dynamic	  equilibrium.	  Data	  processing	   started	  with	   realignment	   of	   the	   functional	  EPI-­‐BOLD	   images,	   using	   a	  six-­‐parameter,	   rigid-­‐body	   transformation	   algorithm.	   Subsequently,	   functional	   images	   were	   slice-­‐time	  corrected	  and	  the	  mean	  of	  the	  functional	  images	  was	  co-­‐registered	  to	  the	  structural	  MR	  image	  using	   mutual	   information	   optimization.	   Functional	   images	   were	   then	   spatially	   normalized,	   re-­‐sampled	   to	   create	   2	   mm	   isotropic	   voxels,	   and	   transformed	   into	   a	   common	   stereotactic	   space,	   as	  defined	  by	   the	  SPM5	  MNI	  T1	   template.	  Finally,	   the	   images	  were	  spatially	  smoothed	  with	  an	  8-­‐mm	  FWHM	  Gaussian	  filter.	  Low-­‐frequency	  drifts	  in	  the	  time	  domain	  were	  removed	  by	  modeling	  the	  time	  series	  for	  each	  voxel	  by	  a	  set	  of	  discrete	  cosine	  functions	  to	  which	  a	  cutoff	  of	  128	  s	  was	  applied.	  	  
2.4	  fMRI	  data	  analysis	  The	  fMRI	  data	  were	  analyzed	  with	  statistical	  parametric	  mapping	  using	  SPM5	  software	  (Wellcome	  Department	  of	  Cognitive	  Neurology,	  London).	  The	  subject-­‐level	  statistical	  analyses	  were	  performed	  using	  the	  general	  linear	  model	  (GLM).	  As	  the	  aim	  of	  the	  current	  study	  was	  to	  investigate	  which	  brain	  regions	   could	   predict	   success	   on	   the	   WM	   and	   LTM	   task	   during	   encoding,	   analyses	   focused	   on	  matching	  pairs	  only,	  i.e.	  pairs	  actually	  shown	  during	  encoding	  and	  that	  were	  probed	  in	  both	  the	  WM	  
and	  LTM	  task.	  Based	  on	  memory	  performance,	  encoding	  trials	  were	  divided	  into	  different	  categories.	  Since	   participants	   could	   either	   endorse	   study	   pairs	   correctly	   as	   intact	   (hereafter	   referred	   to	   as	  “hits”)	  or	  incorrectly	  classify	  them	  as	  being	  re-­‐arranged	  (hereafter	  referred	  to	  as	  “misses”)	  on	  both	  the	   WM	   and	   LTM	   task,	   four	   response	   categories	   were	   possible:	   (1)	   WM	   hit	   /	   LTM	   hit	   (in	   the	  remainder:	   WM+/LTM+),	   (2)	   WM	   hit	   /	   LTM	   miss	   (WM+/LTM-­‐),	   (3)	   WM	   miss	   /	   LTM	   hit	   (WM-­‐/LTM+),	   and	   (4)	   WM	   miss	   /	   LTM	   miss	   (WM-­‐/LTM-­‐).	   However,	   the	   combination	   WM-­‐/LTM+	  occurred	   in	   less	   than	   2%	   of	   the	   cases,	   resulting	   in	   inadequate	   statistical	   power	   to	   be	   reliably	  estimated	  and	  therefore	  this	  combination	  was	  not	  entered	  as	  a	  regressor	  of	  interest.	  The	  remaining	  three	  categories	  were	  entered	  as	  three	  separate	  regressors	  of	  interest.	  The	  encoding	  events	  of	  these	  three	  categories	  were	  modeled	  by	  time-­‐locking	  the	  onset	  of	  the	  event	  with	  a	  duration	  of	  1.75	  s,	  and	  convolved	  with	  the	  canonical	  hemodynamic	  response	  function.	  The	  remaining	  encoding	  events	  (e.g.,	  pairs	  that	  were	  not	  probed,	  pairs	  for	  which	  participants	  failed	  to	  respond	  in	  the	  probe	  phase)	  were	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modeled	  as	  regressors	  of	  no	  interest.	  In	  addition,	  even	  though	  both	  the	  delay	  phase	  and	  probe	  phase	  might	   yield	   essential	   WM-­‐related	   activity,	   these	   two	   phases	   were	   modeled	   as	   regressors	   of	   no	  interest.	   This	  was	  mainly	   done	   because	   of	   the	   design	   of	   the	   paradigm,	   i.e.,	   the	   existence	   of	   three	  probes	  within	  one	  probe	  phase,	  refraining	  us	  from	  contrasting	  subsequent	  memory	  effects	  for	  these	  two	   phases.	   In	   addition,	   behavioral	   results	   showed	   that	   we	   had	   insufficient	   statistical	   power	   to	  conduct	   parametric	   analyses	   for	   the	   delay	   phase	   (for	   instance,	   participants	   had,	   on	   average,	   only	  1.52	  trials	  with	  three	  incorrect	  responses).	  
2.5	  Second-­‐level	  analyses	  The	   described	   individual	   contrast	   images	   were	   created	   and	   submitted	   to	   a	   second-­‐level	   factorial	  analysis,	  consisting	  of	  one	  factor	  with	  three	  levels	  (the	  three	  response	  categories).	  Participants	  were	  treated	  as	  random	  variable.	  Results	  from	  the	  random	  effects	  analyses	  were	  first	  thresholded	  at	  p	  =	  0.001	  (uncorrected).	  Subsequently,	  cluster-­‐size	  statistics	  were	  used	  as	  the	  test	  statistic.	  For	  whole-­‐brain	  analyses,	  clusters	  at	  pFWE	  <	  0.05	  (FWE	  corrected	   for	  multiple	  non-­‐independent	  comparisons;	  (Worsley	   et	   al.,	   1996)	   were	   considered	   significant	   and	   are	   reported	   together	   with	   the	   MNI	  coordinates	   of	   their	   local	   maximum.	   In	   addition,	   given	   our	   hypothesis	   regarding	   the	   MTL,	   an	  anatomical	   region	  of	   interest	   (ROI)	  was	   created	   that	   covered	   the	  hippocampus	  bilaterally	   and	   the	  parahippocampal	   bilaterally	   (using	   the	   automatic	   anatomical	   labeling	   system,	   AAL)	   and	   that	   was	  used	  as	  a	  mask	  for	  small-­‐volume	  corrections	  (tested	  at	  pSVC	  <	  0.05).	  	  Finally,	  beta	  weights	  were	  extracted	  from	  left	  and	  right	  parahippocampal	  gyrus	  and	  left	  and	  right	  hippocampus	  separately	  for	  the	  two	  critical	  contrasts,	  i.e.	  the	  WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐	  and	  the	  WM+/LTM+	  >	  WM+/LTM-­‐	  contrast.	  These	  beta	  weights	  were	  entered	  into	  analyses	  of	  variance	  using	  SPSS	  (see	  Results	  section).	  
3.	  Results	  
3.1	  Behavioral	  data	  3.1.1	  WM	  task	  The	  mean	  hit	  rate	  was	  81.50%	  (±	  1.86)	  and	  the	  false	  alarm	  rate	  25.46%	  (±	  2.08),	  d’	  =	  1.66,	  ±	  0.19.	  Participants	  failed	  to	  respond	  within	  the	  time	  constraint	  of	  2	  seconds	  in	  2.62%	  (±	  0.43)	  of	  the	  trials.	  Each	  participant	  had	  at	  least	  ten	  misses	  (M	  =	  29.74,	  ±	  3.40).	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3.1.2	  LTM	  task	  Figure	   2	   shows	   the	   distribution	   of	   averaged	   response	   proportions	   in	   the	   LTM	   task.	   A	   2	   (stimulus	  type:	  match	  vs.	  re-­‐arranged	  pair)	  by	  6	  (confidence	  rating:	  6-­‐point	  scale)	  repeated-­‐measure	  MANOVA	  revealed	  an	  interaction	  between	  confidence	  rating	  and	  stimulus	  type,	  F(5,	  90)	  =	  21.50,	  p	  <	  .001.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	  showed	  that	  the	  proportion	  of	  ‘6’	  (t(18)	  =	  10.13,	  p	  <	  .001)	  and	  ‘5’	  (t(18)	  =	  5.44,	  p	  <	  .001)	  ratings	  was	  significantly	  higher	  for	  matches	  than	  for	  re-­‐arranged	  pairs.	  However,	  the	  proportion	  of	  ‘4’	  ratings	  did	  not	  differ	  between	  these	  two	  (t	  <	  1).	  The	  proportion	  of	  ‘1’	  (t(18)	  =	  6.11,	  
p	   <	   .001),	   ‘2’	   (t(18)	   =	   3.17,	   p	   =	   .005),	   and	   ‘3’	   (t(18)	   =	   2.76,	   p	   =	   .013)	   ratings	   for	   matches	   was	  significantly	  lower	  than	  for	  re-­‐arranged	  pairs.	  These	  results	  demonstrate	  that	  participants	  were	  able	  to	  successfully	  discriminate	  between	  studied	  and	  re-­‐arranged	  pairs	  at	  all	   confidence	   levels,	  except	  level	  4.	  Consequently,	   for	  contrasting	  LTM	  hits	  and	  misses	   in	   the	   fMRI	  analyses,	   ‘5’	  and	   ‘6’	   correct	  ratings	   were	   grouped	   as	   “LTM	   hit”	   and	   ‘1’,	   ‘2’,	   and	   ‘3’	   ratings	   as	   “LTM	   miss”.	   ‘4’	   ratings	   were	  classified	   as	   “remaining	   encoding	   events”	   and	   as	   such	  modeled	   as	   regressors	   of	   no	   interest.	   Each	  participant	  had	  at	  least	  twelve	  LTM	  hits	  (M	  =	  33.21,	  ±	  2.27).	  
	  
Fig.	  2.	  Behavioral	  performance	  on	  the	  LTM	  task.	  Distributions	  of	  mean	  hit	  and	  false	  alarm	  rates:	  Mean	  (±SEM)	  proportions	  of	  responses	  are	  depicted	  on	  the	  y-­‐axis	  and	  confidence	  ratings	  (‘1’:	  definitely	  a	  re-­‐arranged	  pair;	  ‘6’:	  definitely	  a	  matching	  pair)	  on	  the	  x-­‐axis.	  ***	  p	  <	  .001,	  **	  p	  <	  .01,	  *	  p	  <	  .05.	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3.2	  Functional	  imaging	  data	  3.2.1	  Subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  	  First,	   WM	   hits,	   irrespective	   of	   LTM	   performance,	   were	   contrasted	   with	   WM	   misses,	   i.e.,	  	  ([WM+/LTM+	   &	   WM+/LTM-­‐]	   >	   WM-­‐/LTM-­‐).	   This	   analysis	   reflects	   the	   analysis	   conducted	   by	  Hannula	  &	  Ranganath	  (2008).	  Mainly	  two	  brain	  areas,	  being	  part	  of	  the	  right	  visual	  ventral	  stream	  (fusiform	  gyrus	  extending	  into	  parahippocampal	  gyrus;	  local	  maximum	  at	  [48,	  -­‐54,	  -­‐12];	  pFWE	  <	  .001)	  and	   the	   left	   visual	   ventral	   stream	   (parahippocampal	   gyrus	   extending	   into	   fusiform	   gyrus;	   local	  maximum	  at	  [-­‐40,	  -­‐36,	  -­‐12;	  pFWE	  =	  .028),	  showed	  elevated	  activation	  for	  WM	  hits	  vs.	  misses.	  A	  region	  in	   the	   left	   inferior	   frontal	   gyrus	   failed	   to	   reach	   significance	   (local	  maximum	   at	   [-­‐42,	   10,	   -­‐30;	  pFWE	  =	   .074).	   Small-­‐volume	   correction	   for	   the	   hippocampus	   and	   parahippocampal	   gyrus	   did	   not	   reveal	  additional	  activations.	  
	  
Fig.	  3.	  Brain	  areas	  related	   to	  successful	  memory	   formation	  during	  encoding.	  Left	  panel:	  Bilateral	   ventral	   visual	   stream	  predicted	   successful	  WM	  processing	   irrespective	  of	  LTM	  performance	  (WM+	  >	  WM-­‐);	  middle	  panel:	  activation	   in	  right	  visual	  ventral	   stream	  and	  anterior	   hippocampus	   predicted	   successful	   LTM	   formation	   irrespective	   of	   WM	  performance	  (LTM+	  >	  LTM-­‐);	  right	  panel:	  the	  right	  visual	  ventral	  stream	  was	  commonly	  activated	   for	   successful	   WM	   and	   LTM	   processing	   (conjunction	   analysis).	   Activation	  clusters	  (p	  <	  0.001	  uncorrected)	  superimposed	  on	  averaged	  (n	  =	  23)	  high-­‐resolution	  T1-­‐weighted	   images	  with	  horizontal	   orientation.	  The	  data	   for	   these	   figures	  were	  extracted	  only	  for	  illustrative	  purposes	  and	  not	  for	  testing	  effects	  statistically.	  Note:	  L	  =	  left.	  3.2.2	  Subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance	  LTM	  hits	  were	  contrasted	  with	  LTM	  misses,	  irrespective	  of	  the	  WM	  performance,	  i.e.,	  (WM+/LTM+	  >	  [WM+/LTM-­‐	   &	   WM-­‐/LTM-­‐]).	   Hence,	   this	   contrast	   reflects	   the	   “classical	   subsequent	   LTM	   effect”	  reported	   in	   earlier	   studies.	  Within	   the	  MTL,	   this	   analysis	   revealed	   greater	   activation	   in	   the	   right	  anterior	  hippocampus	  (local	  maximum	  at	   [24,	   -­‐8,	   -­‐20];	  pSVC	  =	   .013)	  and	  the	  right	  parahippocampal	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Table	   1.	   Brain	   activations	   for	   the	   subsequent	   WM	   memory	   effect	   irrespective	   of	   LTM	   performance,	  subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance	  and	  the	  conjunction	  between	  these	  two	  contrasts.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
WM	  contrast	  irrespective	  of	  LTM	  performance	  
([WM+/LTM+	  &	  WM+/LTM-­‐]	  >	  WM-­‐/LTM-­‐)	  Right	  fusiform	  gyrus	  	   R	  37	   855	   5.07	  a	   4.64	   48	   -­‐54	   -­‐12	  	   	   	   4.44	   4.13	   14	   -­‐42	   -­‐18	  	   	   	   4.18	   3.92	   40	   -­‐62	   -­‐14	  Left	  fusiform	  gyrus	   L	  37	   233	   4.71	  a	   4.36	   -­‐40	   -­‐36	   -­‐12	  	   	   	   4.48	   4.17	   -­‐44	   -­‐54	   -­‐14	  	   	   	   3.64	   3.46	   -­‐42	   -­‐54	   -­‐4	  Left	  middle	  frontal	  gyrus	   L	  46	   199	   4.79	  b	   4.42	   -­‐42	   10	   30	  Right	  inferior	  frontal	  gyrus	   L	  47	   105	   4.24	  b	   3.97	   56	   34	   18	  Right	  middle	  occipital	  gyrus	   R	  19	   153	   3.88	  b	   3.67	   34	   -­‐68	   34	  	   	   	   3.78	  	   3.58	   32	   -­‐74	   28	  
LTM	  contrast	  irrespective	  of	  WM	  performance	  
(WM+/LTM+	  >	  [WM+/LTM-­‐	  &	  WM-­‐/LTM-­‐])	   	   	   	   	   	  Right	  anterior	  hippocampus	   	   57	   4.39	  c	   4.10	   24	   -­‐8	   -­‐20	  Right	  parahippocampal	  gyrus	   R	  35/36	   85	   4.18	  	   3.93	   36	   -­‐22	   -­‐22	  Right	  fusiform	  gyrus	   R	  37	   943	   5.18	  a	   4.73	   50	   -­‐52	   -­‐12	  	   	   	   4.34	  	   4.05	   40	   -­‐44	   -­‐18	  	   	   	   4.19	  	   3.93	   36	   -­‐22	   -­‐22	  Left	  inferior	  frontal	  gyrus	   L	  47	   538	   4.49	  a	   4.18	   -­‐42	   34	   -­‐10	  	   	   	   4.25	  	   3.98	   -­‐42	   34	   2	  Right	  inferior	  frontal	  gyrus	   R	  47	   189	   4.41	  b	   4.12	   56	   34	   12	  	   	   	   4.14	  	   3.89	   -­‐48	   30	   -­‐2	  Left	  pre-­‐motor	  cortex	   L	  6	   193	   4.37	  b	   4.08	   -­‐42	   10	   30	  	   	   	   3.51	  	   3.35	   -­‐42	   4	   42	  
Conjunction	  analysis	   	   	   	   	   	   	   	  Right	  fusiform	  gyrus	   R	  37	   632	   5.08	  a	   4.65	   48	   -­‐54	   -­‐12	  Right	  parahippocampal	  gyrus	   R	  35/36	   	   4.37	   4.08	   34	   -­‐44	   -­‐18	  	   	   	   4.04	   3.81	   26	   -­‐48	   -­‐16	  Left	  pre-­‐motor	  cortex	  	   L	  6	   	   4.37	  b	   4.08	   -­‐42	   10	   30	  a	  pFWE	  <	  .05	  b	  p	  <	  .001	  uncorrected	  and	  >50	  adjacent	  voxels	  c	  pSVC	  <	  .05	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gyrus	  (local	  maximum	  at	  [36	  -­‐22	  -­‐22];	  pSVC	  =	  .025)	  for	  LTM	  hits	  compared	  to	  misses.	  In	  addition,	  we	  found	   increased	   activation	   in	   the	   right	   fusiform	   gyrus	   extending	   into	   the	   parahippocampal	   gyrus	  (local	  maximum	  at	  [50,	  -­‐52,	  -­‐12];	  pFWE	  <	  .001)	  as	  well	  as	  greater	  activation	  in	  the	  left	  inferior	  frontal	  gyrus	  (local	  maximum	  at	  [-­‐42,	  34,	  -­‐10];	  pFWE	  <	  .001).	  Another	  region	  in	  the	  left	  inferior	  frontal	  gyrus	  (local	  maximum	  at	   [-­‐42,	   10,	   30];	  pFWE	   =	   .081)	   as	  well	   as	   the	   right	   ventro-­‐lateral	   prefrontal	   cortex	  (local	  maximum	  at	  [56,	  34,	  12];	  pFWE	  =	  .083)	  failed	  to	  reach	  significance.	  	  3.2.3.	  Conjunction	  analysis	  To	   assess	  which	   brain	   areas	   are	   involved	   in	   both	   successful	  WM	   and	   successful	   LTM	   encoding,	   a	  conjunction	  analysis	  (“conjunction	  null”	  in	  SPM5)	  was	  performed,	  using	  the	  two	  subsequent	  memory	  effect	   contrasts	   just	   described.	   Only	   the	   right	   fusiform	   gyrus	   extending	   into	   the	   parahippocampal	  gyrus	   (local	  maximum	  at	   [48,	   -­‐54,	   -­‐12;	  pFWE	  <	   .001)	  was	  commonly	  activated	   in	   the	   two	  described	  subsequent	   WM	   and	   LTM	   contrasts,	   indicating	   that	   this	   region	   is	   critical	   during	   encoding	   in	  predicting	  both	  WM	  and	  LTM	  success	  (see	  Table	  1	  for	  details).	  3.2.4.	  Subsequent	  WM	  effect	  equating	  for	  LTM	  performance	  To	  control	  for	  possible	  contamination	  effects	  of	  LTM	  encoding	  when	  assessing	  WM	  effects,	  we	  next	  examined	  which	  brain	  regions	  were	  specifically	  recruited	  for	  WM	  hits	  as	  compared	  to	  WM	  misses,	  when	   there	   was	   no	   evidence	   of	   successful	   LTM	   formation,	   i.e.,	   WM+/LTM-­‐	   >	   WM-­‐/LTM-­‐.	   Initial	  whole-­‐brain	  analyses	  showed,	  amongst	  others,	  a	  cluster	  in	  the	  left	  parahippocampal	  gyrus	  that,	  after	  application	   of	   the	   small	   volume	   correction,	   yielded	   a	   trend	   towards	   greater	   activation	   in	   the	   left	  parahippocampal	   gyrus	   (local	   maximum	   at	   [-­‐36,	   -­‐34,	   -­‐10];	   pSVC	   =	   .08)	   for	   WM	   hits	   vs.	   misses.	  However,	   because	   the	   activated	   region	   was	   located	   on	   the	   border	   of	   the	  MTL	   and	   extended	   into	  white	  matter,	  we	  also	  conducted	  an	  analysis	   correcting	   for	   the	  bilateral	   temporal	   lobes	  and	   found	  
pSVC	   =	   0.046	   (with	   a	   local	   maximum	   at	   [-­‐36,	   -­‐34,	   -­‐10]).	   No	   other	   activations	   survived	   the	   small	  volume	  or	  family-­‐wise	  error	  cluster	  correction.	  When	   applying	   SVC	   for	   the	   hippocampus	   bilaterally,	   this	   analysis	   yielded	   a	   marginal	  significant	  activation	  in	  one	  single	  voxel	  (local	  maximum	  at	  [-­‐36,	  -­‐34,	  -­‐10],	  pSVC	  =	  .054).	  When	  using	  an	   uncorrected	   threshold,	   this	   analysis	   revealed	   only	   two	   additional	   voxels	   in	   the	   right	   anterior	  hippocampus	  (local	  maximum	  at	  [36,	  -­‐12,	  -­‐20],	  puncorrected	  =	  .001).	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Fig.	  4.	  Brain	  areas	  related	  to	  successful	  memory	  formation	  when	  equating	  for	  either	  WM	  or	   LTM	   performance.	   Left	   panel:	   left	   parahippocampal	   gyrus	   activation	   predicted	  successful	   WM	   processing	   when	   there	   was	   no	   evidence	   of	   successful	   LTM	   formation	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐);	  middle	  and	  right	  panel:	  bilateral	  anterior	  hippocampus	  and	  left	  inferior	  frontal	  gyrus	  activation	  predicted	  successful	  LTM	  formation	  for	  pairs	  already	  correctly	   processed	   in	  WM	   (WM+/LTM+	   >	  WM+/LTM-­‐).	   Activation	   clusters	   (p	   <	   0.001	  uncorrected)	   superimposed	   on	   averaged	   (n	   =	   23)	   high-­‐resolution	   T1-­‐weighted	   images.	  The	  data	  for	  these	  figures	  were	  extracted	  only	  for	  illustrative	  purposes	  and	  not	  for	  testing	  effects	  statistically.	  3.2.5.	  Subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  Finally,	  we	  investigated	  which	  brain	  regions	  predicted	  successful	  LTM	  during	  encoding	  when	  pairs	  had	  already	  been	  correctly	  classified	  in	  the	  WM	  task.	  To	  this	  end,	  pairs	  correctly	  processed	  in	  WM	  and	  remembered	  in	  the	  LTM	  task	  were	  contrasted	  with	  pairs	  correctly	  processed	  in	  WM	  but	  missed	  in	   the	  LTM	  task,	   i.e.,	  WM+/LTM+	  >	  WM+/LTM-­‐.	  This	  contrast	   indicates	  which	   (additional)	   regions	  are	  required	  for	  a	  memory	  to	  survive	  into	  LTM.	  Within	  the	  MTL,	  this	  contrast	  revealed	  greater	  right	  anterior	   hippocampal	   activation	   for	   LTM	   hits	   vs.	   misses	   (local	   maximum	   at	   [26,	   -­‐10,	   -­‐20],	   pSVC	  =	   .016).	   Activation	   in	   a	   similar	   region	   in	   the	   left	   anterior	   hippocampus	   did	   not	   reach	   significance	  (pSVC	  =	   .14).	  Outside	  the	  MTL,	   this	  contrast	  resulted	   in	  greater	  activation	  of	   the	   left	   inferior	   frontal	  gyrus	  (local	  maximum	  at	  [-­‐44,	  34,	  2],	  pFWE	  =	  .010;	  see	  Fig.	  4	  and	  Table	  2	  for	  details).	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Table	  2.	  Brain	  activations	   for	   the	  subsequent	  WM	  effect	  equating	   for	  LTM	  performance	   (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  and	  the	  subsequent	  LTM	  effect	  equating	  for	  LTM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐).	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	   z-­‐value	   MNI	  x	   y	   z	  
WM	  contrast	  equating	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  Left	  parahippocampal	  gyrus	   L	  35/36	   76	   4.61	  a	   4.28	   -­‐40	   -­‐36	   -­‐12	  
LTM	  contrast	  equating	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐)	  Right	  anterior	  hippocampus	   	   58	   4.33	  a	   4.04	   26	   -­‐10	   -­‐20	  Left	  inferior	  frontal	  gyrus	   L	  47	   348	   4.41	  b	   4.11	   -­‐44	   34	   2	  	   	   	   4.26	  	   3.99	   -­‐50	   30	   -­‐2	  	   	   	   3.97	   3.74	   -­‐40	   34	   -­‐12	  a	  pSVC	  <	  .05	  a	  pFWE	  <	  .05	  	  3.2.6	  Beta	  weights	  analyses	  Finally,	  analyses	  on	  the	  extracted	  beta	  weights	  were	  conducted.	  A	  2	  (Task:	  WM	  vs.	  LTM)	  ×	  2	  (Region:	  Hippocampus	  vs.	  Parahippocampal	  Gyrus)	  Repeated	  Measures	  ANOVA	  on	  the	  extracted	  beta	  weights	  did	  neither	  reveal	  a	  main	  effect	  of	  Task	  (F	  <	  1)	  nor	  a	  main	  effect	  of	  Region	  (F(1,22)	  =	  1.81,	  p	  =	  .19,	  ηp²	  	  =	   	   .08	  ).	  However,	  the	  Task	  ×	  Region	  interaction	  effect	  was	  marginally	  significant,	  F(1,22)	  =	  3.79,	  p	  =	   .06,	  ηp²	   	  =	   	   .15.	  In	  line	  with	  our	  conventional	  SPM	  analyses,	  post-­‐hoc	  t-­‐tests	  showed	  that	  the	  beta	  weights	  differed	  significantly	  from	  zero	  in	  the	  hippocampus	  for	  the	  LTM	  task	  (t(22)	  =	  2.46,	  p	  =	  .02)	  and	   in	   the	   parahippocampal	   gyrus	   for	   the	  WM	   task	   (t(22)	   =	   2.24,	   p	   =	   .04).	   In	   contrast,	   the	   beta	  weights	  did	  not	  differ	  significantly	   from	  zero	   in	   the	  hippocampus	   for	   the	  WM	  task	  (t	  <	  1)	  and	   just	  failed	  to	  reach	  significance	  in	  the	  parahippocampal	  gyrus	  for	  the	  LTM	  task	  (t(22)	  =	  2.07,	  p	  =	  .051).	  
4.	  Discussion	  This	  is	  the	  first	  study	  to	  investigate	  whether	  encoding-­‐related	  activity	  is	  able	  to	  predict	  accuracy	  on	  a	   WM	   task	   and	   to	   control	   for	   possible	   contamination	   effects	   of	   (incidental)	   LTM	   formation.	  Moreover,	  regions	  could	  be	  identified	  that	  are	  related	  to	  a	  successful	  “transfer”	  of	  memories	  from	  a	  relatively	   short-­‐lived	   short-­‐term	   into	   a	  durable	   long-­‐term	  store,	   once	   the	   information	  had	  already	  been	   successfully	   processed	   in	   WM.	   We	   found	   that	   encoding-­‐related	   activation	   in	   the	   left	  parahippocampal	  and	  fusiform	  gyrus	  predicted	  success	  on	  the	  associative	  WM	  task	  for	  study	  pairs	  that	   subsequently	   were	   forgotten	   in	   the	   LTM	   task.	   In	   contrast,	   activation	   in	   the	   right	   anterior	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hippocampus	   and	   the	   left	   inferior	   frontal	   gyrus	   reliably	   predicted	   accuracy	   on	   the	   unexpected	  subsequent	  recognition	  memory	  (LTM)	  task	  for	  pairs	  already	  correctly	  processed	  in	  WM.	  
4.1	  Subsequent	  WM	  effects	  In	   contrast	   with	   our	   hypothesis,	   we	   did	   not	   confirm	   previous	   suggestions	   that	   encoding-­‐related	  activity	  in	  the	  hippocampus	  proper	  predicts	  WM	  accuracy.	  Instead,	  activation	  in	  areas	  that	  subserve	  higher-­‐level	  visuo-­‐perceptual	  processing	  of	  complex	  stimuli	  such	  as	  faces	  and	  houses	  predicted	  WM	  accuracy,	  i.e.,	  left	  parahippocampal	  gyrus	  extending	  into	  the	  fusiform	  gyrus.	  Next	  to	  a	  role	  in	  visuo-­‐perceptual	  processing	  of	   complex	   scenes	   such	  as	   stimuli	   (parahippocampal	  place	  are),	   it	  has	  been	  proposed	   that	   the	  parahippocampal	   gyrus	  may	   also	  be	   involved	   in	   visuo-­‐perceptual	   processing	   of	  both	   spatial	   and	   non-­‐spatial	   associations,	   possibly	   unitizing	   these	   perceptual	   representations	  (Aminoff,	   Gronau,	   &	   Bar,	   2007;	   Haskins,	   Yonelinas,	   Quamme,	   &	   Ranganath,	   2008).	   Since	   the	  identified	  regions	  probably	   include	  the	   fusiform	  face	  area	  and	  possibly	   the	  parahippocampal	  place	  area,	  greater	  activation	  of	   these	  areas	   is	   likely	   to	  reflect	   increased	  content	  processing	  of	  (some	  of)	  the	  visual	  features	  of	  the	  presented	  stimuli,	  faces	  and	  houses.	  This	  increased	  content	  processing	  as	  well	  as	  the	  possible	  unitization	  processes	  of	  the	  perceptual	  representations	  during	  encoding	  appear	  to	  be	  essential	  for	  successful	  WM	  encoding,	  helping	  to	  remember	  the	  to-­‐be-­‐learned	  material	  across	  a	  short	  delay	  interval	  of	  several	  seconds	  (Kim,	  2011).	  Interestingly,	   in	   the	   analysis	   of	   the	   subsequent	   WM	   effect	   irrespective	   of	   the	   LTM	  performance,	  we	  did	  not	  identify	  greater	  encoding-­‐related	  hippocampal	  activity	  either.	  This	  result	  is	  inconsistent	   with	   previous	   findings	   of	   Hannula	   and	   Ranganath	   (2008)	   who	   demonstrated	  hippocampal	  activation	  in	  an	  equivalent	  analysis	  (however,	  Hannula	  &	  Ranganath	  contrasted	  correct	  with	   incorrect	  WM	  trials	   instead	  of	  hits	  vs.	  misses	  as	   in	   the	  present	  paper,	   i.e.,	   they	   included	   false	  alarm	  and	  correct	  rejection	  trials	  as	  well).	  Even	  though	  the	  two	  studies	  differ	  in	  various	  aspects	  it	  is	  likely	  that	  the	  main	  reason	  for	  these	  contrastive	  results	  may	  be	  explained	  by	  the	  different	  nature	  of	  the	   tasks	   that	   were	   employed.	   Hannula	   &	   Ranganath	   (2008)	   assessed	   a	   WM	   task	   with	   a	   strong	  allocentric	   spatial	   component	   that	   required	   participants	   to	  manipulate	   the	   viewpoint	   by	  mentally	  rotating	  a	  three-­‐dimensional	  grid	  containing	  four	  objects	  and	  found	  elevated	  anterior	  and	  posterior	  hippocampal	   encoding-­‐related	   activation	   for	   correct	   vs.	   incorrect	   trials.	   In	   contrast,	  we	   purposely	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selected	  a	  non-­‐spatial	  associative	  WM	  task	  as	  it	  is	  well	  established	  that	  spatial	  allocentric	  processing	  recruits	   the	   hippocampus	   (Hartley,	  Maguire,	   Spiers,	   &	   Burgess,	   2003;	   Kumaran	  &	  Maguire,	   2005;	  Maguire	  et	  al.,	  1998)	  and,	  therefore,	  the	  results	  of	  Hannula	  and	  Ranganath	  (2008)	  may	  in	  part	  be	  due	  to	   the	   intrinsic	   spatial	   component	   of	   their	   task	   rather	   than	   actual	   relational	   (working)	   memory	  processing	  (Shrager	  et	  al.,	  2008).	  Even	  though	  this	  may	  argue	  against	  the	  idea	  that	  the	  hippocampus	  is	   crucial	   for	   all	   kinds	   of	   relational	  memory	   processing	   irrespective	   of	   the	   time	   interval	   between	  study	   and	   test,	   earlier	   studies	   that	   particularly	   contrasted	   spatial	   with	   non-­‐spatial	   relational	  WM	  tasks	   also	   found	   increased	   hippocampal	   activation	   for	   associations	   containing	   spatial	   information	  (Piekema,	  Kessels,	  Mars,	  Petersson,	  &	  Fernández,	  2006).	  We	  therefore	  suggest	  that	  advanced	  visuo-­‐perceptual	   processing	   might	   be	   sufficient	   to	   make	   an	   accurate	   WM	   decision	   in	   a	   non-­‐spatial	  relational	  memory	  task,	  whereas	  a	  successful	  matching	  /	  binding	  of	  these	  stimuli	  during	  encoding	  is	  required	  for	  successful	  LTM	  formation.	  
4.2	  Subsequent	  LTM	  effects	  Both	   subsequent-­‐memory	   analyses	   (irrespective	   of	  WM	   performance	   or	  when	   “correcting”	   for	   it)	  showed	   that	   encoding-­‐related	   hippocampal	   activation	   predicted	   success	   on	   the	   subsequent	   LTM	  task.	  Whereas	  the	  “classical”	  LTM	  effect	  (not	  correcting	  for	  WM	  performance)	  is	  in	  line	  with	  findings	  reported	   in	   previous	   subsequent-­‐memory	   studies	   (Brewer	   et	   al.,	   1998;	   Fernández	   et	   al.,	   1999;	  Wagner	  et	  al.,	  1998),	  the	  present	  study	  is	  the	  first	  to	  specifically	  test	  which	  additional	  brain	  regions,	  during	  incidental	  encoding,	  are	  critical	  for	  memories	  to	  survive	  into	  LTM	  when	  WM	  processing	  was	  successful.	   The	   involvement	   of	   the	   (anterior)	   hippocampus	   in	   associative	   memory	   formation	  supports	   and	   corroborates	   previous	   results	   (Diana	   et	   al.,	   2007;	   Eichenbaum,	   2000;	   Mayes	   et	   al.,	  2007;	   Squire,	   Stark,	   &	   Clark,	   2004).	   Furthermore,	   our	   data	   support	   the	   notion	   of	   a	   functional	  specialization	   within	   the	   hippocampus,	   with	   the	   anterior	   part	   being	   essential	   for	   successful	  associative	  memory	  formation	  (Chua,	  Schacter,	  Rand-­‐Giovannetti,	  &	  Sperling,	  2007;	  Giovanello	  et	  al.,	  2004;	  Jackson	  &	  Schacter,	  2004;	  Prince,	  Daselaar,	  &	  Cabeza,	  2005;	  Sperling	  et	  al.,	  2003).	  In	   addition	   to	   the	  hippocampus,	   activation	   in	   the	   left	   inferior	   frontal	   gyrus	  predicted	  LTM	  accuracy.	  This	  result	  extends	  previous	  findings	  showing	  that	  this	  region	  predicts	  performance	  on	  a	  memory	  task	  administered	  48	  hours	  after	  encoding	  relative	  to	  30	  minutes	  after	  encoding	  (Shivde	  &	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Thompson-­‐Schill,	  2004;	  Uncapher	  &	  Rugg,	  2005).	  Uncapher	  and	  Rugg	   (2005)	   suggested	   that,	   even	  though	  participants	  did	  not	  have	  any	  explicit	  semantic	  encoding	  instructions,	  this	  left	  inferior	  frontal	  gyrus	   involvement	   may	   reflect	   semantic	   processes	   during	   encoding	   that	   facilitate	   storage	   over	  longer	  delay	  periods	   (see	  also	  Badre	  &	  Wagner,	  2007;	  Wagner,	   Shannon,	  Kahn,	  &	  Buckner,	  2005).	  This	   interpretation	   is	   line	   with	   our	   results	   insofar	   as	   that	   qualitative	   data	   acquired	   after	   the	  experiment	   suggested	   that	   participants	   mainly	   recognized	   those	   pairs	   correctly	   for	   which	   they	  succeeded	  in	  creating	  some	  kind	  of	  “memory	  hook”,	   i.e.,	  where	  they	  were	  able	  to	  make	  a	  clear	  link	  between	   the	   to-­‐be-­‐remembered	   face	   and	   house	   (e.g.,	   matching	   a	   rich-­‐looking	   male	   with	   a	   more	  luxurious	  house	  with	  a	  swimming-­‐pool,	  matching	   the	  color	  of	   the	  house	  with	   the	  shirt	  of	   the	  male	  person	  etc.).	  It	  should	  be	  noted,	  however,	  that	  the	  fact	  that	  pairs	  that	  were	  probed	  in	  the	  LTM	  had	  been	  presented	  twice	  during	  the	  WM	  task	  might	  be	  a	  possible	  confounding	   factor,	  since	  pairs	   that	  were	  shown	  during	  the	  probe	  phase	  of	  the	  WM	  task	  may	  serve	  as	  second	  encoding	  event	  for	  the	  LTM	  task.	  However,	  we	  argue	  that	  this	  methodological	  issue	  does	  not	  explain	  our	  main	  results.	  This	  is	  mainly	  because	   of	   two	   reasons.	   First,	   by	   assuming	   that	   subsequently	   remembered	   pairs	   were	   “encoded”	  during	  the	  encoding	  rather	  than	  the	  probe	  phase,	  we	  added	  noise	  to	  our	  data.	  That	  is,	  we	  might	  have	  included	  some	  trials	  of	  which	  we	  assumed	  that	  they	  were	  encoded	  during	  the	  encoding	  phase	  that	  were	  actually	  encoded	  during	   the	  probe	  phase.	  However,	   regardless	  of	   this	  added	   “noise”,	  we	  still	  found	   differential	   encoding-­‐related	   activation	   for	   LTM	   hits	   vs.	   LTM	   misses,	   indicating	   that	   later	  remembered	   pairs	  were	   obviously	   differentially	   encoded	   relative	   to	   later	   forgotten	   pairs.	   Second,	  participants	   classified	   a	  number	  of	   intact	   pairs	   incorrectly	   as	   being	   re-­‐arranged	   (i.e.,	  WM	  misses).	  Several	   of	   these	  missed	  pairs	  were	   tested	   again	   in	   the	   LTM	   task.	   If	   one	   assumes	   that	   participants	  encoded	  pairs	  during	   the	   test	  phase	  of	   the	  WM	  task	   (rather	   than	   the	  encoding	  phase),	  one	  should	  expect	  that	  they	  would	  classify	  a	  significant	  amount	  of	  those	  missed	  pairs	  as	  correct	  in	  the	  LTM	  task.	  However,	   as	   our	   behavioral	   data	   show,	   this	   occurred	   rarely.	   That	   is,	   on	   average,	   only	   2.2	   trials	   of	  these	  WM-­‐/LTM+	  trials	  were	  observed	  in	  our	  sample.	  In	  other	  words,	  90.7%	  of	  the	  study	  pairs	  that	  were	  incorrectly	  identified	  as	  being	  re-­‐arranged	  (i.e.,	  misses)	  in	  the	  WM	  task,	  were	  not	  classified	  as	  intact	   in	   the	   LTM	   task	   either.	   Together,	   only	   a	   small	   number	   of	   pairs	  might	   have	   been	   “encoded”	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during	  the	  probe	  phase	  of	   the	  WM	  task	  and	  the	  fact	  that	  this	  only	  adds	  (limited)	  noise	  to	  our	  data	  suggests	  that	  these	  double	  encodings	  can	  hardly	  account	  for	  the	  obtained	  results.	  It	  is	  also	  important	  to	  note	  that	  the	  method	  of	  testing	  for	  WM	  and	  LTM	  differed	  between	  the	  two	   tasks.	   In	   addition,	   there	  was	  a	  difference	  on	  how	   “success”	  was	  defined	   for	   the	  WM	  and	  LTM	  task.	   Whereas	   the	   WM	   task	   was	   a	   yes/no	   recognition	   memory	   task	   with	   a	   clear	   response	   time	  constraint	  (2s),	  participants	  could	  respond	  on	  a	  confidence	  scale	  on	  the	  LTM	  task	  without	  any	  time	  constraint.	  However,	  we	  deliberately	  chose	   for	  the	   implemented	  approach	  because	  we	   intended	  to	  operationalize	   both	  WM	   and	   LTM	   tasks	   as	   they	   are	  most	   often	   and	   “classically”	   used	   in	   cognitive	  psychology	  approaches.	  This	  is,	  from	  a	  conceptual	  point	  of	  view,	  content	  in	  WM	  is	  often	  regarded	  as	  being	   either	   activated	  or	  non-­‐activated	   information,	   necessitating	   a	   speeded	   yes-­‐no	   response	   (see	  e.g.,	   Cowan,	   1995;	   Oberauer,	   2002).	   Non-­‐activated	   information	   may,	   however,	   be	   retrieved	   by	  accessible	  retrieval	  cues	  –	  a	  phenomenon	  more	  often	  associated	  with	  LTM	  retrieval.	  Consequently,	  if	  participants	  were	  given	  more	  time	  to	  respond,	  it	  would	  have	  been	  more	  likely	  that	  they	  used	  long-­‐term	  retrieval	  strategies,	  which	  we	  aimed	  to	  minimize.	  Hence,	  even	  though	  the	  possibility	  exists	  that	  participants	  might	  have	  applied	  different	  response	  criteria	  for	  the	  two	  tasks,	  this	  does,	  in	  our	  view,	  not	  outweigh	  the	  advantage	  of	  using	  similar	  stimuli	  and	  (almost)	  similar	  task	  demands	  for	  both	  WM	  and	  LTM	  tasks	  –	  an	  aspect	  that	  could	  not	  be	  controlled	  for	  in	  previous	  studies	  (e.g.,	  Cabeza,	  Dolcos,	  Graham,	  &	  Nyberg,	  2002;	  Nyberg,	  Forkstam,	  Petersson,	  Cabeza,	  &	  Ingvar,	  2002).	  
4.3	  Three	  processes	  involved	  in	  successful	  memory	  formation	  The	  pattern	  of	  our	  results	  suggests	  that	  three	  underlying	  neurocognitive	  processes	  may	  be	  involved	  in	  successful	  memory	   formation.	  First,	  activation	  of	   the	   left	  parahippocampal	  gyrus	  extending	   into	  the	   fusiform	   gyrus	  was	   found	   to	   predict	  WM	   success	  when	   LTM	   fails.	   As	   noted	   previously,	   these	  regions	   are	   typically	   involved	   in	   higher-­‐order	   visuo-­‐perceptual	   processing	   and	   possibly	   in	  unitization	  of	  perceptual	   representations.	  Even	   though	  activation	   in	   the	   fusiform	  gyrus	  (Brewer	  et	  al.,	  1998;	  Dickerson	  et	  al.,	  2007;	  Garoff,	  Slotnick,	  &	  Schacter,	  2005;	  Kim	  &	  Cabeza,	  2007;	  Kirchhoff,	  Wagner,	  Maril,	  &	  Stern,	  2000;	  Sperling	  et	  al.,	  2003;	  Wagner	  et	  al.,	  1998)	  and	  parahippocampal	  gyrus	  (Chua	  et	  al.,	  2007;	  Hales	  &	  Brewer,	  2010;	  Staresina	  &	  Davachi,	  2010)	  has	  been	  reported	  earlier	   in	  “classical”	   subsequent	   LTM	   studies,	   our	   findings	   indicate	   that	   these	   regions	   are	   involved	   in	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supporting	   transient	   memory	   representations,	   supporting	   performance	   over	   short	   delays,	   rather	  than	  mediating	   the	   transfer	   from	   a	   short-­‐term	   representation	   into	   a	  more	   stable	   long-­‐term	   store	  (see	   also	   Kao,	   Davis,	   &	   Gabrieli,	   2005;	   Owen,	  Milner,	   Petrides,	   &	   Evans,	   1996;	   Summerfield	   et	   al.,	  2006).	  However,	   this	   does	  not	  mean	   that	   effective	   content	  processing	   is	   not	   critical	   for	   successful	  LTM	  formation	  (Nikolic	  &	  Singer,	  2007).	  Our	  findings	  only	  suggest	  that,	  as	  soon	  as	  an	  association	  has	  already	  been	  successfully	  processed	  in	  WM,	  other	  mechanisms	  seem	  to	  play	  a	  more	  essential	  role	  in	  surviving	  into	  LTM.	  However,	  the	  fact	  that	  elaborated	  content	  processing	  is	  also	  a	  necessary	  part	  of	  successful	   LTM	   formation	   can	   be	   seen	   in	   both	   the	   beta-­‐weight	   analyses	   and	   our	   “classical”	  subsequent	  LTM	  effects,	  i.e.,	  when	  contrasting	  LTM	  hits	  vs.	  misses	  irrespective	  of	  WM	  performance.	  These	  analyses	  showed	  elevated	  activation	  in	  the	  ventral	  visual	  stream	  /	  parahippocampal	  gyrus.	  In	  addition,	  the	  conjunction	  analysis	  showed	  visual	  ventral	  stream	  activation	  for	  both	  WM	  processing	  and	  LTM	  formation,	  again	  supporting	  the	  view	  that	  elaborated	  visual	  processing	  is	  critical	  for	  LTM	  formation	   as	   well.	   These	   analyses	   showed	   elevated	   activation	   in	   the	   ventral	   visual	   stream	   /	  parahippocampal	   gyrus.	   In	   addition,	   the	   conjunction	   analysis	   showed	   visual	   ventral	   stream	  activation	   for	  both	  WM	  processing	  and	  LTM	   formation,	   again	   supporting	   the	  view	   that	   elaborated	  visual	  processing	  is	  critical	  for	  LTM	  formation	  as	  well.	  The	  second	  critical	  process	  can	  be	  inferred	  from	  the	  hippocampal	  involvement	  that	  seems	  to	  be	   crucial	   for	   transferring	   a	   short-­‐term	   representation	   into	   a	   more	   durable	   long-­‐term	   store.	   The	  hippocampus	   has	   earlier	   been	   described	   as	   being	   critical	   in	   the	   rapid	   binding	   and	   storage	   of	  different	  cortical	  inputs	  into	  one	  coherent	  memory	  representation	  (Eichenbaum,	  2000;	  Eichenbaum	  &	   Cohen,	   1993;	   Henke,	   2010;	   Mayes	   et	   al.,	   2004;	   O'Reilly	   &	   Rudy,	   2001;	   Squire	   &	   Zola-­‐Morgan,	  1991).	  Based	  upon	  earlier	  suggestions	   it	  appears	  that	  perceptual	  representations,	  mediated	  by	  the	  fusiform	   gyrus,	   are	   converged	   and	   unitized	   in	   the	   parahippocampal	   gyrus.	   Subsequently,	   this	  representational	   information	   is	   further	   converged	   into	   the	   hippocampus,	   where	   these	  representations	  may	  be	  bound	  together	  to	  form	  new	  durable	  associations	  (Eichenbaum	  et	  al.,	  2007).	  A	  third	  important	  process	  in	  successful	  memory	  formation	  can	  be	  deduced	  from	  the	  greater	  left	   inferior	   frontal	   gyrus	   activation	   reported	   for	   LTM	   hits	   vs.	   misses.	   This	   may	   reflect	   semantic	  processing,	  possibly	  resulting	   in	  richer	  representations	  of	   the	  to-­‐be-­‐learned	  stimuli	  (Uncapher	  and	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Rugg,	   2005).	   Consequently,	   these	   kinds	   of	   representations	   are	   more	   likely	   to	   be	   retrieved	   in	   a	  subsequent	  memory	  test.	  	  These	  three	  processes	  fit	  nicely	  in	  a	  framework	  that	  was	  recently	  proposed	  by	  Kim	  (2011)	  who	  reviewed	  74	  fMRI	  studies	  that	  administered	  subsequent	  memory	  paradigms.	  In	  this	  framework,	  brain	   regions	   that	   are	   typically	   found	   to	   predict	   LTM	   success	   are	   divided	   into	   three	   different	  categories:	   attention-­‐related	   brain	   areas	   (a	   fronto-­‐parietal	   network),	   content-­‐processing	   areas	  (depending	   upon	   the	   type	   of	   stimuli),	   and	   areas	   critical	   for	   storage,	   especially	   the	   hippocampus.	  Whereas	   we	   did	   not	   find	   activation	   in	   typical	   attention-­‐related	   areas,	   our	   study	   suggests	   that	  successful	  WM	   formation	   during	   encoding	   relies	   upon	   brain	   areas	   supporting	   content	   processing	  and	  unitization	  of	  representations.	  Successful	  LTM	  formation,	  in	  contrast,	  appears	  to	  be	  mediated	  by	  storage-­‐critical	   areas,	   i.e.	   the	   hippocampus	   proper.	   In	   addition,	   the	   left	   inferior	   prefrontal	   cortex	  seems	   to	   play	   a	   critical	   role	   in	   the	   transformation	   of	   sensory	   input	   into	   (semantic)	   internal	  representations	  (Paller	  &	  Wagner,	  2002),	  supporting	  durable	  memory	  representations.	  
4.4	  Conclusion	  In	   sum,	   we	   show	   some	   degree	   of	   dissociation	   between	   successful	   WM	   processing	   and	   LTM	  formation,	  with	  the	  hippocampus	  being	  involved	  in	  the	  latter	  and	  the	  parahippocampal	  gyrus	  being	  involved	  in	  both	  successful	  WM	  and	  LTM	  formation	  during	  encoding.	  However,	  we	  propose	  that	  our	  data	   are	   best	   explained	   by	   a	   process-­‐oriented	   approach	   and	   that	   they	   support	   the	   notion	   that	  recruited	  brain	  areas	  for	  a	  particular	  task	  being	  a	  function	  of	  the	  processing	  requirements,	  as	  well	  as	  the	  type	  of	  stimuli	  to	  be	  processed,	  and	  not	  so	  much	  a	  function	  of	  the	  time	  between	  study	  and	  test	  (Henke,	  2010).	  In	  particular,	  our	  results	  are	  in	  line	  with	  the	  recently	  proposed	  ‘binding	  of	  item	  and	  context’	   (BIC)	   model,	   suggesting	   that	   the	   parahippocampal	   cortex	   predominantly	   supports	   the	  representation	   of	   the	   global	   context,	  whereas	   the	   hippocampus	   is	   critical	   in	   the	   rapid	   creation	   of	  item-­‐context	   binding	   (Diana	   et	   al.,	   2007;	   Howard,	   Kumaran,	   Olafsdottir,	   &	   Spiers,	   2011).	  Furthermore,	  combining	  a	  WM	  and	  a	  LTM	  task	  and	  equating	  for	  the	  performance	  of	  the	  respective	  memory	  task	  seems	  to	  be	  a	  fruitful	  approach	  to	  further	  unravel	  the	  underlying	  neural	  substrates	  of	  these	   two	  memory	   systems.	   Future	   research	   has	   to	   determine	  whether	   our	   conclusion	   applies	   to	  other	  relational	  memory	  tasks	  as	  well	  as	  other	  phases	  of	  a	  delayed-­‐match-­‐to-­‐sample	  task.	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Dissociating	  associative	  working	  memory	  and	  long-­‐term	  memory	  formation	  	  
during	  maintenance	  and	  working	  memory	  retrieval	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  Based	  on:	  	   Bergmann,	  H.	  C.,	  Beul,	  S.	  F.,	  Rijpkema,	  M.,	  Fernández,	  G.,	  Kessels,	  R.	  P.	  C.	  (in	  revision).	  Dissociating	  associative	  working	  memory	  and	  long-­‐term	  memory	  formation	  during	  maintenance	  and	  working	  memory	  retrieval.	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Abstract	  It	  has	  been	  argued	  that	  performance	  on	  working	  memory	  (WM)	  tasks	  may	  partially	  be	  supported	  by	  long-­‐term	  memory	  (LTM)	  processing	  and,	  hence,	  brain	  activation	  recently	  being	   implicated	   in	  WM	  may	   actually	   have	   been	   driven	   by	   (incidental)	   LTM	   formation.	   To	   examine	   which	   brain	   regions	  actually	  support	  successful	  WM	  processing	  (rather	  than	  being	  confounded	  by	  LTM	  processes)	  during	  the	  maintenance	   and	   probe	   phase	   of	   a	  WM	   task,	  we	   administered	   a	   four-­‐pair	   (faces	   and	   houses)	  associative	   delayed-­‐match-­‐to-­‐sample	   (WM)	   task	   in	   an	   event-­‐related	   fMRI	   study	   design	   and	   a	  subsequent	   associative	   recognition	   LTM	   task,	   using	   the	   same	   stimuli.	   This	   enabled	   us	   to	   analyze	  subsequent	  memory	  effects	  for	  both	  the	  WM	  and	  the	  LTM	  task	  by	  contrasting	  correctly	  recognized	  pairs	  with	   incorrect	  pairs	   for	   either	   task.	   Critically,	  with	   respect	   to	   the	   subsequent	  WM	  effect,	  we	  computed	   this	   analysis	   exclusively	   for	   trials	   that	   were	   forgotten	   in	   the	   subsequent	   recognition	  memory	  (LTM)	  task.	  Hence,	  brain	  activity	  associated	  with	  successful	  WM	  processing	  was	  less	  likely	  to	  be	  confounded	  by	  incidental	  LTM	  formation.	  The	  subsequent	  LTM	  effect,	  in	  contrast,	  was	  analyzed	  exclusively	  for	  pairs	  that	  previously	  had	  been	  correctly	  recognized	  in	  the	  WM	  task,	  disclosing	  brain	  regions	   involved	   in	   successful	   LTM	   formation	   after	   successful	   WM	   processing.	   Results	   for	   the	  subsequent	  WM	  effect	  showed	  no	  significantly	  activated	  brain	  areas	  for	  WM	  maintenance,	  possibly	  due	   to	   an	   insensitivity	   of	   fMRI	   to	  mechanisms	   underlying	   active	  WM	  maintenance.	   In	   contrast,	   a	  correct	   decision	   at	   WM	   probe	   was	   associated	   with	   activation	   in	   the	   “retrieval	   success	   network”	  (anterior	   and	   posterior	  midline	   brain	   structures).	   The	   subsequent	   LTM	   analyses	   revealed	   greater	  activation	  in	  left	  dorsolateral	  prefrontal	  cortex	  and	  posterior	  parietal	  cortex	  during	  the	  initial	  stage	  of	   the	  maintenance	  phase.	  No	  supra-­‐threshold	  activation	  related	  was	   found	  during	   the	  WM	  probe.	  Together,	   we	   obtained	   clearer	   insights	   in	   which	   brain	   regions	   support	   successful	   WM	   and	   LTM	  without	   the	   potential	   confound	   of	   the	   respective	  memory	   system.	   Future	   studies	   need	   to	   specify	  more	  precisely	  whether	  the	  administered	  task	  relies	  on	  WM	  or	  LTM.	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1.	  Introduction	  Recent	  years	  have	  seen	  renewed	  debate	  and	  controversy	  over	   the	  underlying	  neural	   substrates	  of	  working	   memory	   (WM)	   and	   its	   (in)dependence	   from	   long-­‐term	   memory	   (LTM).	   Whereas	   the	  “classical”	   view	   used	   to	   regard	   these	   two	   memory	   systems	   as	   functionally	   and	   neurally	   distinct	  (Baddeley	  &	  Hitch,	  1974;	  Baddeley	  &	  Warrington,	  1970;	  Craik,	  2002;	  Craik	  &	  Watkins,	  1973;	  Shallice	  &	  Warrington,	  1970),	  more	  recent	  views	  stress	  that	  they	  are	  intimately	  linked,	  also	  with	  respect	  to	  their	   underlying	   neural	   substrate	   (see	   reviews	   by	  Henke,	   2010;	   Jonides	   et	   al.,	   2008;	  Mayes	   et	   al.,	  2007;	   Nadel	   &	   Hardt,	   2011;	   Olsen,	   Moses,	   Riggs,	   &	   Ryan,	   2012;	   Ranganath	   &	   Blumenfeld,	   2005;	  Ruchkin,	  Grafman,	  Cameron,	  &	  Berndt,	  2003;	   see	  also	   recent	  account	  of	  Baddeley,	  2000;	  however,	  the	  notion	   that	   short-­‐term	  or	  WM	  and	  LTM	  processes	  may	  be	   integrated	   to	   some	  extent	  has	  been	  suggested	  much	  earlier;	  e.g.,	  Atkinson	  &	  Shiffrin,	  1968;	  Hebb,	  1949).	  More	  specifically,	  according	  to	  these	  latter	  views,	  recruitment	  of	  specific	  brain	  regions	  may	  not	  so	  much	  be	  a	  function	  of	  the	  delay	  between	  study	  and	  test,	  but	  may	  crucially	  depend	  on	  the	  underlying	  cognitive	  operations	  that	  need	  to	  be	  performed	  in	  order	  to	  execute	  the	  task	  at	  hand	  successfully	  (Henke,	  2010).	  For	  example,	  also	  due	   to	   its	   anatomical	   characteristics	   and	   extensive	   reciprocal	   connectivity	   with	   polymodal	  neocortical	  association	  areas	  (Suzuki	  &	  Amaral,	  1994),	  the	  hippocampus	  has	  been	  proposed	  to	  play	  a	  crucial	   role	   in	   all	   kinds	   of	   relational	  mnemonic	   processing,	   irrespective	   of	   the	   length	   of	   the	   delay	  between	  study	  and	  test	  (Konkel	  &	  Cohen,	  2009).	  This	  view	  appears	  to	  be	  supported	  by	  recent	  lesion	  studies	   (Crane	   &	  Milner,	   2005;	   Giovanello	   et	   al.,	   2003;	   Hannula	   et	   al.,	   2006;	   Hartley	   et	   al.,	   2007;	  Holdstock	  et	  al.,	  1995;	  Nichols	  et	  al.,	  2006;	  Olson,	  Moore,	  et	  al.,	  2006;	  Olson,	  Page,	  Moore,	  Chatterjee,	  &	  Verfaellie,	  2006;	  Piekema	  et	  al.,	  2007;	  Rose	  et	  al.,	  2012;	  Turriziani	  et	  al.,	  2004;	  but	  see	  Jeneson	  et	  al.,	   2011;	   Jeneson	   et	   al.,	   2010;	   Jeneson	   et	   al.,	   2012;	   Stark	   et	   al.,	   2002;	   Stark	   &	   Squire,	   2003),	  intracranial	  EEG	  and	  MEG	   (Axmacher,	  Henseler,	   et	   al.,	   2010;	  Axmacher,	  Lenz,	  Haupt,	  Elger,	  &	  Fell,	  2010;	  Axmacher	   et	   al.,	   2007)	   as	  well	   as	   functional	   neuroimaging	   studies	   (Axmacher,	  Haupt,	   et	   al.,	  2009;	  Axmacher	  et	  al.,	  2008;	  Hannula	  &	  Ranganath,	  2008;	  Kirwan	  &	  Stark,	  2004;	  Luck	  et	  al.,	  2010;	  Nichols	  et	  al.,	  2006;	  Olsen	  et	  al.,	  2009;	  Oztekin,	  McElree,	  Staresina,	  &	  Davachi,	  2009;	  Piekema	  et	  al.,	  2006;	   Piekema,	  Kessels,	   Rijpkema,	  &	   Fernández,	   2009;	   Piekema	   et	   al.,	   2010;	  Ranganath,	   Cohen,	  &	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Brozinsky,	  2005;	  Schon	  et	  al.,	  2009)	  which	  all	  demonstrated	  hippocampal	   involvement	   in	  “typical”	  relational	  WM	  tasks	  (in	  most	  cases	  different	  variants	  of	  a	  delayed-­‐match-­‐to-­‐sample	  task).	  	   However,	  one	  critical	  question	  concerns	  whether	  the	  task	  performance	  in	  “typical”	  WM	  tasks	  actually	  relies	  exclusively	  on	  WM	  processes	   rather	  than	  being	  also	  supported	  by	  LTM	  or	  WM-­‐LTM-­‐interactions	   (Jeneson	  &	   Squire,	   2012).	   In	   other	  words,	   depending	   on	   the	   kind	   of	   task,	   the	   type	   of	  stimuli,	   the	   cognitive	   operations	   required	   to	   complete	   the	   task	   as	   well	   as	   the	   cognitive	   load,	  performance	   on	   a	  WM	   task	   is,	   at	   least	   partially,	   (co-­‐)dependent	   upon	   LTM	   processes	   rather	   than	  being	   a	   “pure”	   measure	   of	   WM.	   This,	   in	   turn,	   may	   explain	   why	   hippocampal	   activation	   is	  demonstrated	  in	  some	  fMRI	  studies	  during	  WM	  tasks	  and	  why	  patients	  with	  hippocampal	  lesions	  are	  impaired	  in	  WM	  tasks	  (Jeneson	  and	  Squire,	  2012).	  And	  even	  though	  one	  may	  argue	  that	  all	  tasks	  are	  multiply	   determined	   (Tulving,	   1991),	   one	   undoubtedly	   needs	   to	   control	   as	   much	   as	   possible	   for	  potential	  confounding	  factors,	  such	  as	  incidental	  LTM	  effects	  when	  studying	  WM.	  	  Recently,	   we	   (Bergmann,	   Rijpkema,	   Fernández,	   &	   Kessels,	   2012)	   aimed	   to	   minimize	   this	  potential	  confound	  by	  administering	  both	  an	  associative	  (pairs	  of	  faces	  and	  houses)	  WM	  task	  in	  an	  event-­‐related	   fMRI	   study	   design	   and	   a	   subsequent	   recognition	   memory	   (LTM)	   task,	   probing	   the	  same	  associations	   as	  during	   the	  WM	   task.	  This	   allowed	  us	   to	   isolate	   a	   “subsequent	  WM	  effect”	  by	  contrasting	   trials	   in	   which	   the	   pairs	   were	   correctly	   recognized	   with	   trials	   in	   which	   participants	  failed	  to	  correctly	  recognize	  the	  pairing	  in	  the	  WM	  task.	  Critically,	  we	  analyzed	  this	  effect	  exclusively	  for	  trials	  for	  which	  there	  was	  no	  evidence	  of	  successful	  LTM,	  as	  tested	  in	  the	  subsequent	  LTM	  task.	  By	  this	  means,	  we	  obtained	  a	  clearer	  measure	  of	  brain	  activity	  related	  to	  successful	  WM	  processing	  and	  demonstrated	  that	  successful	  WM	  task	  performance	  was	  associated	  with	  increased	  activation	  in	  higher-­‐order	   visuo-­‐perceptual	   areas	   (i.e.,	   parahippocampal	   region	   and	   fusiform	   gyrus)	   during	   the	  encoding	   phase.	   In	   contrast,	   successful	   LTM	   formation	   was	   associated	   with	   increased	   encoding-­‐related	   activation	   in	   the	   hippocampus.	   Thus,	   hippocampal	   activation	   was	   observed	   during	   the	  execution	  of	  a	  WM	  task,	  but	  appeared	  to	  be	  more	  related	  to	  LTM	  formation	  rather	   than	  successful	  WM	  processing,	  challenging	  the	  proposal	  of	  a	  critical	  role	  of	   the	  hippocampus	   in	  WM	  independent	  from	  long-­‐term	  encoding.	  
	  	  
	  
59	  
	   While	   our	   previous	   study	   (Bergmann	   et	   al.,	   2012)	   isolated	   encoding-­‐related	   activity	  associated	  with	  WM	  and	  LTM	  success,	  from	  a	  cognitive	  perspective	  on	  WM	  the	  maintenance	  phase	  is	  considered	   at	   least	   as	   crucial	   as	   the	   encoding	   phase,	   because	   it	   relies	   on	   the	   preservation	   of	  information	  in	  the	  absence	  of	  sensory	  stimuli	  –	  a	  critical	  aspect	  in	  almost	  all	  theoretical	  frameworks	  of	   WM	   (Baddeley	   &	   Hitch,	   1974;	   Cowan,	   1999;	   Miyake,	   1999).	   Considering	   the	   relevance	   of	   the	  maintenance	   phase	   for	   WM	   processing,	   we	   therefore	   modified	   our	   original	   design	   in	   order	   to	  analyze	  WM	  and	  LTM	  processing	  during	  the	  maintenance	  as	  well	  as	  the	  probe	  phase	  of	  the	  WM	  task.	  In	   the	  present	  study,	  a	  modified	  version	  of	   the	  previously	  employed	  (Bergmann	  et	  al.,	  2012)	   four-­‐pair	   (faces	   and	   houses)	   associative	   delayed-­‐match-­‐to-­‐sample	   task	   was	   administered	   in	   the	   MRI	  scanner.	   Subsequently,	   an	   unexpected	   associative	   recognition	   memory	   task	   was	   administered	  outside	   the	   scanner.	   Brain	   activity	   during	   the	  WM	  maintenance	   phase	   and	  WM	   probe	   phase	  was	  analyzed	   based	   on	  WM	   and	   LTM	  performance.	   In	   addition,	   based	   on	   earlier	   reports	   concerning	   a	  functional	   heterogeneity	   of	   the	  WM	  maintenance	   phase	   we	   divided	   this	   phase	   into	   two	   separate	  stages:	  an	  initial	  stage	  and	  a	  late	  stage.	  Whereas	  during	  the	  “early”	  stage	  a	  perceptual	  representation	  is	   thought	   to	   be	   actively	   transformed	   into	   an	   internal	   code,	   the	   late	   stage	   consists	   of	   the	   more	  passive	   maintenance	   of	   the	   to-­‐be-­‐remembered	   material	   without	   external	   stimulation	   (Naveh-­‐Benjamin	   &	   Jonides,	   1984).	   Particularly	   the	   initial	   stage	   has	   been	   proposed	   to	   be	   of	   critical	  importance	   for	   the	   formation	  of	   long-­‐term	  memories,	  possibly	  due	   to	   its	  active	  and	  more	  effortful	  nature	  (Bergmann,	  Kiemeneij,	  Fernández,	  &	  Kessels,	  2013;	  Khader,	  Jost,	  Ranganath,	  &	  Rosler,	  2010;	  Khader,	  Ranganath,	   Seemuller,	  &	  Rosler,	  2007;	  Naveh-­‐Benjamin	  &	   Jonides,	  1984;	  Ranganath	  et	   al.,	  2005).	  The	   late	  stage,	   in	  contrast,	   is	   thought	  to	  be	  more	  automatic	   in	  nature	  and	   it	   is	  questionable	  whether	   event-­‐related	   fMRI	   is	   sensitive	   to	   the	   underlying	   processes,	   whose	   temporal	   signature	  cannot	  be	  regarded	  as	  a	  phasic,	  time-­‐locked	  response,	  but	  rather	  a	  tonic	  change	  in	  activation	  levels	  (Engel	   et	   al.,	   2001;	   Fell	   et	   al.,	   2011;	   Jensen,	   2006;	   Jensen	   &	   Lisman,	   2005;	   Singer	   &	   Gray,	   1995;	  Zucker	  &	  Regehr,	  2002).	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2.	  Method	  
2.1	  Participants	  	  Thirty	   right-­‐handed	   healthy	   undergraduate	   students	   (12	  males;	  mean	   age	   =	   21.83	   years,	   ranging	  from	   18	   to	   27	   years)	   participated	   in	   the	   study.	   However,	   two	   participants	   (both	   female)	   were	  excluded	  from	  further	  analyses	  due	  to	  technical	  failure.	  Another	  two	  females	  were	  excluded	  because	  they	   did	   not	   have	   sufficient	   incorrect	   responses	   on	   the	  WM	   task	   (i.e.,	   less	   than	   10),	   so	   that	   this	  response	  category	  could	  not	  be	  modeled	  reliably.	  The	  remaining	  26	  participants	  (mean	  age	  =	  21.92	  years)	   all	   had	   normal	   or	   corrected-­‐to-­‐normal	   vision.	   None	   had	   a	   history	   of	   neurological,	   major	  medical,	  or	  psychiatric	  disorders.	  Participants	  gave	  written	  informed	  consent	  according	  to	  the	  local	  ethics	  committee	  (CMO	  Region	  Arnhem-­‐Nijmegen)	  and	  the	  declaration	  of	  Helsinki.	  
2.2	  Behavioral	  task	  A	  four-­‐pair	  delayed-­‐match-­‐to-­‐sample	  task	  (hereafter	  referred	  to	  as	  WM	  task)	  was	  administered	  in	  an	  MRI	   scanner	   (Fig.	   1).	   The	   encoding	  phase	   consisted	  of	   four	   consecutively	  presented	  pairs	   of	   trial-­‐unique	  colored	  close-­‐ups	  of	  male	   faces	  and	   trial-­‐unique	  close-­‐ups	  of	  modern	  day	  houses.	  The	   face	  was	   always	   depicted	   at	   the	   left	   side	   and	   the	   house	   at	   the	   right	   side	   of	   the	   screen.	   Each	   pair	  was	  shown	  for	  1.5	  s;	  the	  four	  pairs	  were	  separated	  from	  each	  other	  by	  a	  fixed	  interstimulus	  interval	  of	  0.3	   s,	   during	   which	   a	   centrally	   presented,	   white	   fixation	   cross	   was	   shown	   against	   a	   black	  background.	  The	  encoding	  period	  was	  followed	  by	  a	  variable	  7-­‐13	  s	  maintenance	  interval,	  varied	  in	  steps	  of	  2	  s.	  Subsequently,	  one	  face-­‐house	  pair	  was	  probed,	  which	  could	  be	  either	  an	  identical	  pair	  (‘match’)	  or	  an	  intra-­‐trial	  re-­‐arranged	  pair	  (‘non-­‐match’).	  In	  case	  of	  a	  non-­‐match,	  the	  face	  was	  paired	  with	  a	  house	  that	  either	  preceded	  or	  followed	  the	  face.	  This	  was	  done	  to	  increase	  the	  difficulty	  of	  the	  WM	  task	  and	  to	  decrease	  the	  likelihood	  that	  participants	  based	  their	  responses	  upon	  the	  temporal	  context	  of	   the	  stimuli.	  Participants	  had	   to	   indicate	  whether	   the	  pair	  matched	  one	  of	   the	   four	  pairs	  seen	  during	  the	  encoding	  phase	  or	  not,	  within	  the	  allotted	  time	  constraint	  of	  2	  s,	  by	  pressing	  a	  button	  with	  their	  right	  index	  finger	  (“match”)	  or	  right	  middle	  finger	  (“no	  match”)	  using	  an	  MR-­‐compatible	  keypad.	   In	   total,	   200	   trials	   were	   administered	   in	   the	   scanner;	   135	   (67.5%)	   pairs	   were	   matches.	  Preceding	   the	  experiment,	  participants	  received	  written	   instructions	  and	  completed	   three	  practice	  trials	  outside	  the	  scanner	  to	  get	  familiarized	  with	  the	  task.	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Fig.	   1.	   (a)	   Schematic	   overview	   of	   one	   trial	   of	   the	   4-­‐pair	   delayed-­‐match-­‐to-­‐sample	   task	  that	  was	  administered	  in	  the	  MRI	  scanner.	  Note:	  In	  the	  actual	  experiment,	  the	  slides	  did	  not	   cover	   the	  whole	   screen.	   The	   graphic	   stimuli	  where	   centered	   and	  depicted	  within	   a	  range	   of	   approximately	   30°	   of	   visual	   angle.	   (b)	   An	   example	   of	   a	   trial	   of	   the	   self-­‐paced	  subsequent	  recognition	  memory	  (LTM)	  task	  that	  was	  administered	  outside	  the	  scanner.	  	   After	   scanning,	   participants	   were	   presented	  with	   an	   unexpected	   recognition-­‐memory	   test	  (hereafter	  referred	  to	  as	  LTM	  task)	  to	  assess	  LTM	  for	  pairs	  that	  were	  shown	  in	  the	  scanner.	  In	  each	  trial	  of	  the	  LTM	  task	  a	  face-­‐house	  pair	  was	  shown,	  with	  a	  face	  depicted	  at	  the	  left	  and	  a	  house	  at	  the	  right	   side	   of	   the	   screen.	   Participants	  were	   instructed	   to	   rate	   each	   pair	   on	   a	   confidence	   scale	   that	  ranged	  from	  1	  (“definitely	  not	  seen	  during	  scanning	  phase”)	  to	  6	  (“definitely	  seen	  during	  scanning	  phase”).	  200	  trials	  were	  assessed	  and	  135	  (67.5%)	  of	  the	  probed	  pairs	  were	  matches.	  In	  order	  to	  be	  able	  to	  control	  for	  the	  performance	  on	  the	  LTM	  task,	  these	  matching	  /	  “old”	  pairs	  were	  identical	  to	  those	  that	  had	  been	  probed	  previously	  in	  the	  WM	  task.	  Non-­‐matches	  consisted	  of	  re-­‐arranged	  pairs	  of	  faces	  and	  houses	  that	  were	  also	  probed	  during	  the	  WM	  task,	  but	  which	  were	  not	  shown	  together.	  Hence,	  all	  stimuli	  that	  were	  probed	  in	  the	  LTM	  task	  were	  also	  probed	  in	  the	  WM	  task.	  Consequently,	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all	  items	  presented	  in	  the	  LTM	  task	  were	  shown	  twice	  in	  the	  WM	  task	  (i.e.,	  during	  the	  encoding	  and	  probe	  phase).	  Fig.	  1	  gives	  a	  schematic	  overview	  of	  the	  WM	  and	  LTM	  task.	  
2.3	  Image	  acquisition	  and	  data	  preprocessing	  	  Images	  were	  collected	  with	  a	  1.5T	  Avanto	  MRI	  scanner	  system	  (Siemens	  Medical	  Systems,	  Erlangen,	  Germany)	   using	   a	   32-­‐channel	   radiofrequency	   head	   coil.	   First,	   high-­‐resolution	   anatomical	   images	  were	  acquired	  using	  a	  T1-­‐weighted	  3D	  MPRAGE	  sequence	  (TR	  =	  2250ms,	  TE	  =	  2.95ms,	  flip	  angle	  =	  15º,	  176	  sagittal	  slices,	  acquisition	  matrix	  =	  256	  ×	  256,	  FOV	  =	  256	  mm,	  voxel	  size	  =	  1	  ×	  1×	  1	  mm3).	  Whole-­‐brain	   functional	   images	  were	   collected	   using	   a	   T2*-­‐weighted	   EPI	   sequence	   (TR	   =	   2280ms,	  TE	  =	  40ms,	   image	   matrix	   =	   64	   ×	   64,	   FOV	   =	   212	   mm,	   flip	   angle	   =	   90º,	   slice	   thickness	   =	   3.0	   mm,	  distance	  factor	  =	  10%,	  voxel	  size	  3.3	  ×	  3.3	  ×	  3.0	  mm3,	  32	  axial	  slices).	  The	  first	  five	  volumes	  of	  the	  EPI	  series	   were	   excluded	   from	   the	   analysis	   to	   allow	   the	   magnetization	   to	   approach	   a	   dynamic	  equilibrium.	  Data	  processing	   started	  with	   realignment	   of	   the	   functional	  EPI-­‐BOLD	   images,	   using	   a	  six-­‐parameter,	   rigid-­‐body	   transformation	   algorithm.	   Subsequently,	   the	   mean	   of	   the	   functional	  images	   was	   co-­‐registered	   to	   the	   structural	   MR	   image	   using	   mutual	   information	   optimization.	  Functional	  images	  were	  then	  spatially	  normalized,	  re-­‐sampled	  to	  create	  3	  mm	  isotropic	  voxels,	  and	  transformed	  into	  a	  common	  stereotactic	  space,	  as	  defined	  by	  the	  SPM5	  MNI	  T1	  template.	  Finally,	  the	  images	  were	  spatially	   smoothed	  with	  an	  8-­‐mm	  FWHM	  Gaussian	   filter.	  Low-­‐frequency	  drifts	   in	   the	  time	  domain	  were	   removed	  by	  modeling	   the	   time	  series	   for	  each	  voxel	  by	  a	   set	  of	  discrete	   cosine	  functions	  to	  which	  a	  cutoff	  of	  128	  s	  was	  applied.	  	  
2.4	  fMRI	  data	  analysis	  The	  fMRI	  data	  were	  analyzed	  with	  statistical	  parametric	  mapping	  using	  SPM5	  software	  (Wellcome	  Department	   of	   Cognitive	   Neurology,	   London).	   Subject-­‐level	   statistical	   analyses	   were	   performed	  using	  the	  general	  linear	  model	  (GLM).	  As	  the	  aim	  of	  the	  current	  study	  was	  to	  investigate	  which	  brain	  regions	  could	  predict	  success	  on	  the	  WM	  and	  LTM	  task	  during	  the	  early	  stage	  and	  late	  stage	  of	  the	  WM	  maintenance	  phase	  as	  well	  as	   the	  WM	  probe	  phase,	  analyses	   focused	  on	  matching	  pairs	  only;	  that	  is,	  pairs	  which	  were	  probed	  in	  both	  the	  WM	  and	  the	  LTM	  task.	  Based	  on	  memory	  performance,	  trials	   were	   divided	   into	   different	   categories.	   Since	   participants	   could	   either	   endorse	   study	   pairs	  correctly	  as	  intact	  (hereafter	  referred	  to	  as	  “hits”)	  or	  incorrectly	  classify	  them	  as	  being	  re-­‐arranged	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(hereafter	   referred	   to	   as	   “misses”)	   on	   both	   the	  WM	  and	   LTM	   task,	   four	   response	   categories	  were	  possible:	  (1)	  WM	  hit/LTM	  hit	  (in	  the	  remainder:	  WM+/LTM+),	  (2)	  WM	  hit/LTM	  miss	  (WM+/LTM-­‐),	  (3)	   WM	   miss/LTM	   hit	   (WM-­‐/LTM+),	   and	   (4)	   WM	   miss/LTM	   miss	   (WM-­‐/LTM-­‐).	   However,	   the	  combination	   WM-­‐/LTM+	   occurred	   in	   only	   3.2%	   of	   the	   cases,	   resulting	   in	   inadequate	   statistical	  power	   to	   be	   reliably	   estimated	   and	   therefore	   this	   combination	  was	   entered	   as	   a	   regressor	   of	   no-­‐interest.	   The	   remaining	   three	   categories	   were	   entered	   as	   separate	   regressors	   of	   interest,	   as	   a	  function	  of	  the	  WM	  phase.	  	  The	   identical	  vector	  definition	  (i.e.,	  onset,	  duration	  and	  expected	  neural	  activity	  associated	  with	   each	   component)	   as	   implemented	   by	   Ranganath	   et	   al.	   (2005)	   was	   used	   (see	   Fig.	   2):	   The	  construction	   of	   the	   covariates	   for	   early	   and	   late	   stage	   of	   WM	   maintenance	   was	   based	   on	   the	  assumption	  that	  processing	  associated	  with	  the	  early	  stage	  would	  occur	  during	  the	  first	  few	  seconds	  of	  the	  maintenance	  phase.	  Processing	  associated	  with	  the	  late	  stage	  of	  WM	  maintenance,	  in	  contrast,	  was	  suggested	  to	  persist	  throughout	  the	  remainder	  of	  the	  WM	  maintenance	  phase.	  To	  minimize	  the	  possibility	  that	  activity	  associated	  with	  other	  WM	  stages,	  onset	  and	  offset	  of	  the	  early	  and	  late	  stage	  of	  the	  delay	  phase	  were	  spaced	  apart	  from	  each	  other	  as	  well	  as	  from	  the	  probe	  phase.	  The	   events	   of	   the	   three	   response	   categories	   were	   modeled	   by	   time-­‐locking	   the	   onset	   of	  either	   the	  early	  delay,	   late	  delay	  or	  probe	  phase	  with	   its	   respective	  duration	  (i.e.,	  1	  s	   for	   the	  early	  delay,	  variable	  duration	  for	  the	   late	  delay	  and	  2	  s	   for	  the	  probe)	  and	  convolved	  with	  the	  canonical	  hemodynamic	  response	   function.	  The	  remaining	  encoding	  events	  (e.g.,	  pairs	   that	  were	  not	  probed,	  pairs	  for	  which	  participants	  failed	  to	  respond	  in	  the	  probe	  phase)	  were	  modeled	  as	  regressors	  of	  no	  interest.	  	  
2.5	  Second-­‐level	  analyses	  The	   described	   individual	   contrast	   images	   were	   created	   and	   submitted	   to	   a	   second-­‐level	   factorial	  analysis,	   consisting	  of	   two	   factors:	   (1)	  Phase,	  consisting	  of	   three	   levels	   (early	  delay,	   late	  delay	  and	  probe	   phase)	   and	   (2)	   Response	   Category,	   comprising	   the	   three	   levels	   of	   interest	   (WM-­‐/LTM-­‐,	  WM+/LTM-­‐,	  WM+/LTM+).	  Participants	  were	  treated	  as	  random	  variable.	  Results	   from	  the	  random	  effects	  analyses	  were	  first	  thresholded	  at	  p	  =	  .001	  (uncorrected).	  Subsequently,	  cluster-­‐size	  statistics	  were	  used	  as	  the	  test	  statistic.	  For	  whole-­‐brain	  analyses,	  clusters	  at	  pFWE	  <	  0.05	  (FWE	  corrected	  for	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Fig.	   2.	   Vectors	   of	   expected	   neural	   activity	   corresponding	   to	   early	   delay,	   late	   delay	   and	  probe	  phase.	  Covariates	  modelling	  BOLD	  response	  on	  each	  WM	  trial	  were	  constructed	  by	  convolving	   the	   different	   stages	   (i.e.,	   early	   delay,	   late	   delay	   or	   probe	   phase)	   with	   its	  respective	  duration	  and	  convolved	  with	  the	  canonical	  hemodynamic	  response	  function.	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multiple	  non-­‐independent	   comparisons;	  Worsley	   et	   al.,	   1996)	  were	   considered	   significant	   and	  are	  reported	  together	  with	  the	  MNI	  coordinates	  of	  their	  local	  maximum.	  In	  addition,	  given	  the	  disputed	  role	   of	   the	   medial	   temporal	   lobe,	   an	   anatomical	   region	   of	   interest	   (ROI)	   was	   created	   which	  bilaterally	   covered	   the	  hippocampus	  or	   the	  parahippocampal	   region,	   respectively.	  Considering	   the	  fact	  that	  prefrontal	  as	  well	  as	  parietal	  areas	  are	  traditionally	  associated	  with	  WM	  maintenance	  and	  that	   these	   two	  regions	  have	  been	   implicated	   in	   the	  WM	  “core	  network”	  (Rottschy	  et	  al.,	  2012),	  we	  defined	   two	  more	  ROIs	  which	   either	   bilaterally	   covered	   the	   frontal	   lobes	   or	   bilateral	   inferior	   and	  superior	   parietal	   lobes	   (using	   the	  WFU	   Pick	   Atlas).	   These	  were	   used	   as	   a	  mask	   for	   small-­‐volume	  corrections	  (tested	  at	  pSVC	  <	  0.05).	  
3.	  Results	  
3.1	  Behavioral	  data	  3.1.1	  WM	  task	  Mean	  hit	   rate	  was	   72.7%	   (±	   12.48)	   and	  mean	   false	   alarm	   rate	   41.1%	   (±	   11.14),	  d’	   =	   0.87,	   ±	   0.44.	  Participants	  failed	  to	  respond	  within	  the	  time	  constraint	  of	  2	  seconds	  in	  3.69%	  (±	  4.01)	  of	  the	  trials.	  3.1.2.	  LTM	  task	  Figure	   3	   shows	   the	   distribution	   of	   averaged	   response	   proportions	   in	   the	   LTM	   task.	   A	   2	   (stimulus	  type:	  match	  vs.	  re-­‐arranged	  pair)	  by	  6	  (confidence	  rating:	  6-­‐point	  scale)	  repeated-­‐measure	  MANOVA	  revealed	  an	  interaction	  between	  confidence	  rating	  and	  stimulus	  type,	  F(5,	  93)	  =	  23.72,	  p	  <	  .0005,	  ηp²	  =	  .49.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	  showed	  that	  the	  proportion	  of	  ‘6’	  (t(25)	  =	  7.84,	  p	  <	  .0005)	  and	  ‘5’	  (t(25)	  =	  4.32,	  p	  <	  .0005)	  ratings	  was	  significantly	  higher	  for	  matches	  than	  for	  re-­‐arranged	  pairs.	  In	  contrast,	   the	  proportion	  of	   ‘1’	  (t(25)	  =	  6.08,	  p	  <	   .0005),	   ‘2’	  (t(25)	  =	  3.25,	  p	  =	   .003),	  and	   ‘3’	  (t(25)	  =	  3.89,	  p	   =	   .001)	   ratings	   for	  matches	  was	   significantly	   lower	   than	   for	   re-­‐arranged	  pairs.	   Finally,	   the	  proportion	   of	   ‘4’	   ratings	   did	   not	   differ	   between	   these	   two	   (t	   <	   1).	   These	   results	   demonstrate	   that	  participants	   were	   able	   to	   successfully	   discriminate	   between	   studied	   and	   re-­‐arranged	   pairs	   at	   all	  confidence	   levels,	   except	   level	   4.	   Consequently,	   LTM	   hits	   were	   defined	   as	   correctly	   endorsing	   an	  intact	  pair	  with	  a	  confidence	  rating	  of	  5	  or	  6.	  In	  contrast,	  LTM	  trials	  were	  classified	  as	  incorrect	  when	  participants	   failed	   to	  endorse	   intact	  pairs	  with	  a	   confidence	   rating	  of	  5	  or	  6.	  Each	  participant	  had	  more	  than	  10	  events	  of	  each	  response	  category.	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Fig.	   3.	   Behavioural	   performance	   on	   the	   subsequent	   recognition	   memory	   (LTM)	   task.	  Distributions	  of	  mean	  hit	  and	   false	  alarm	  rates:	  Mean	  (±SEM)	  proportions	  of	   responses	  are	  depicted	  on	   the	  y-­‐axis	   and	   confidence	   ratings	   (‘1’:	   definitely	   a	   re-­‐arranged	  pair;	   ‘6’:	  definitely	  a	  matching	  pair)	  on	  the	  x-­‐axis.	  ***	  p	  <	  .001,	  **	  p	  <	  .01,	  *	  p	  <	  .05.	  
3.2.	  Functional	  imaging	  data	  3.2.1	  Subsequent	  memory	  effects	  irrespective	  of	  either	  WM	  or	  LTM	  performance	  3.2.1.1.	  Early	  and	  late	  delay	  phase	  3.2.1.1.1	  Subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  First,	  WM	  hits,	  irrespective	  of	  LTM	  performance,	  were	  contrasted	  with	  WM	  misses	  (i.e.,	  [WM+/LTM+	  &	  WM+/LTM-­‐]	  >	  WM-­‐/LTM-­‐)	  for	  early	  and	  the	  late	  stage	  of	  the	  WM	  maintenance	  phase	  separately.	  However,	  no	  activation	  clusters	  survived	  the	  cluster	  correction	  or	  the	  small	  volume	  corrections	  for	  hippocampus	  or	  parahippocampal	  region	  for	  either	  stage	  (see	  top	  left	  panel	  of	  Fig.	  4).	  3.2.1.1.2	  Subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance	  When	   contrasting	   LTM	   hits	   and	   LTM	  misses	   irrespective	   of	  WM	   performance	   (i.e.,	  WM+/LTM+	   >	  [WM+/LTM-­‐	   &	   WM-­‐/LTM-­‐])	   for	   the	   early	   stage	   of	   WM	   maintenance,	   one	   region	   in	   the	   left	  dorsolateral	  prefrontal	  cortex	  showed	  marginally	  significant	  activation	  (local	  maximum	  at	  [-­‐30,	  45,	  33];	   pFWE	   =	   .059;	   see	   top	   right	   panel	   of	   Fig.	   4).	   No	   additional	   clusters	   exhibited	   suprathreshold	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activation	   after	   small	   volume	   correction	   for	   either	   hippocampus	   or	   parahippocampal	   region.	   In	  addition,	   a	   similar	   analysis	   for	   the	   late	   delay	   stage	   did	   not	   reveal	   brain	   regions	   exhibiting	  suprathreshold	  activation.	  
Table	  1.	  Early	  (1)	  and	  late	  (2)	  maintenance-­‐related	  activations	  for	  the	  subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  and	  (3)	  early	  and	  (4)	  late	  maintenance-­‐related	  subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  irrespective	  of	  LTM	  performance	  (WM+	  >	  WM-­‐):	  Early	  delay	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  
(2)	  LTM	  irrespective	  of	  WM	  performance	  (LTM+	  >	  LTM-­‐):	  Early	  delay	  Left	  dorsolateral	  prefrontal	  cortex	   L	  46	   51	   4.44	  a	   4.34	   -­‐30	   45	   33	  
(3)	  WM	  irrespective	  of	  LTM	  performance	  (WM+	  >	  WM-­‐):	  Late	  delay	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  
(4)	  LTM	  irrespective	  of	  WM	  performance	  (LTM+	  >	  LTM-­‐):	  Late	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  a	  pFWE	  =	  .059	  	  3.2.1.3.	  Probe	  phase	  3.2.1.3.1	  Subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  Similar	  analyses	  were	  performed	  for	  the	  WM	  probe	  phase	  (see	  bottom	  left	  panel	  of	  Fig.	  3).	  As	  for	  the	  WM	  contrast,	   this	   revealed	  greater	  activation	   for	  WM	  hits	  vs.	  WM	  misses	   in	   the	  medial	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐6,	  42,	  -­‐9];	  pFWE	  <	  .001),	  the	  posterior	  cingulate	  cortex	  extending	  into	  the	  precuneus	  (local	  maximum	  at	  [-­‐3,	  -­‐54,	  33];	  pFWE	  <	  .001),	  the	  precentral	  gyrus	  /	  M1	  (local	  maximum	  at	   [48,	   -­‐18,	   60];	  pFWE	  =	   .015)	   and	   two	   regions	   in	   the	   left	  middle	   temporal	   gyrus:	   an	   anterior	   part	  (local	  maximum	  at	  [-­‐60,	  -­‐21,	  -­‐18];	  pFWE	  =	  .013)	  and	  a	  posterior	  part	  (local	  maximum	  at	  [-­‐60,	  -­‐57,	  -­‐3];	  
pFWE	  =	   .038).	  Small-­‐volume	  corrections	  for	  hippocampus	  or	  parahippocampal	  region	  did	  not	  reveal	  additional	  activation	  clusters.	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Fig.	   4.	   Top	   panels:	   Brain	   areas	   related	   to	   successful	  WM	   processing	   during	   either	   the	  early	  WM	  maintenance	  (top	  left	  panel)	  or	  WM	  probe	  phase	  (top	  right	  panel),	  irrespective	  of	  LTM	  performance	  (WM+	  >	  WM-­‐).	  A	  correct	  decision	  during	  the	  WM	  probe	  phase	  was	  associated	   with	   greater	   activation	   in	   a	   “core	  memory	   retrieval	   network”	   including	   the	  medial	  prefrontal	  cortex,	  posterior	  cingulate	  cortex	  and	  precuneus.	  
Bottom	  panels:	  Brain	  areas	   related	   to	   successful	  LTM	   formation	  during	  either	   the	  early	  WM	   maintenance	   (left	   panel)	   or	   WM	   probe	   phase	   (right	   panel),	   irrespective	   of	   WM	  performance	   (LTM+	   >	   LTM-­‐).	   Activation	   in	   the	   left	   dorsolateral	   prefrontal	   cortex	  predicted	   LTM	   success	   during	   the	   early	   delay.	   A	   highly	   overlapping	   activation	   pattern	  (compared	  to	  the	  WM	  task)	  was	  found	  for	  the	  probe	  phase.	  
Activation	  clusters	  (p	  <	  .001,	  uncorrected,	  >25	  voxels)	  superimposed	  on	  averaged	  (n=26)	  high-­‐resolution	  T1-­‐weighted	   images.	  The	  data	   for	   these	   figures	  were	  extracted	  only	   for	  illustrative	  purposes	  and	  not	  for	  testing	  effects	  statistically.	  Note:	  R=right.	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Table	  2.	  Probe-­‐related	  activations	  for	  (1)	  the	  subsequent	  WM	  effect	  irrespective	  of	  LTM	  performance	  and	  (2)	  the	  subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  irrespective	  of	  LTM	  performance	  ([WM+/LTM+	  &	  WM+/LTM-­‐]	  >	  WM-­‐/LTM-­‐)	  Medial	  Prefrontal	  Cortex	   10/11	   638	   5.64	  a	   5.45	   -­‐6	   42	   -­‐9	  	   	   	   5.41	   5.23	   -­‐3	   54	   -­‐3	  	   	   	   5.33	   5.16	   -­‐6	   63	   9	  Posterior	  cingulate	  cortex	  /	   23	   210	   4.45	  a	   4.36	   -­‐3	   -­‐54	   33	  precuneus	   	   	   4.24	   4.15	   -­‐9	   -­‐36	   30	  	   	   	   3.88	   3.81	   -­‐9	   -­‐27	   42	  Right	  Pre-­‐/postcentral	  gyrus	   R	  3	   73	   4.23	  a	   4.14	   48	   -­‐18	   60	  	   	   	   3.71	   3.65	   42	   -­‐24	   66	  Left	  middle	  temporal	  gyrus	   L	  20	   76	   4.89	  a	   4.76	   -­‐60	   -­‐21	   -­‐18	  	   	   	   4.37	   4.28	   -­‐51	   -­‐15	   -­‐18	  Left	  middle	  temporal	  gyrus	   L	  37	   58	   4.21	  a	   4.13	   -­‐60	   -­‐57	   -­‐3	  	   	   	   3.53	   3.48	   -­‐51	   -­‐75	   3	  	   	   	   3.52	   3.47	   -­‐57	   -­‐51	   -­‐9	  
(2)	  LTM	  irrespective	  of	  WM	  performance	  (WM+/LTM+	  >	  [WM+/LTM-­‐	  &	  WM-­‐/LTM-­‐])	  Left	  hippocampus	   	   2	   3.54	  b	   3.49	   -­‐27	   -­‐24	   -­‐15	  Left	  parahippocampal	  region	   L	  28	   3	   4.00	  b	   3.93	   -­‐21	   -­‐3	   -­‐27	  Medial	  Prefrontal	  Cortex	   10/11	   396	   5.48	  a	   5.31	   -­‐15	   60	   24	  	   	   	   5.36	   5.19	   -­‐9	   60	   15	  	   	   	   5.35	   5.19	   0	   48	   -­‐18	  Posterior	  cingulate	  cortex	  /	   23	   147	   4.40	  a	   4.31	   -­‐9	   -­‐45	   30	  precuneus	   	   	   4.37	   4.28	   15	   -­‐51	   36	  	   	   	   4.18	   4.10	   3	   -­‐48	   39	  Left	  middle	  temporal	  gyrus	   L	  21	   210	   4.92	  a	   4.79	   -­‐60	   -­‐21	   -­‐15	  	   	   	   4.43	  	   4.33	   -­‐60	   -­‐42	   -­‐6	  	   	   	   4.10	  	   4.02	   -­‐45	   -­‐21	   -­‐9	  a	  pFWE	  <	  .05	  b	  pSVC	  <	  .05	  	  3.2.1.3.2	  Subsequent	  LTM	  effect	  irrespective	  of	  WM	  performance	  A	  similar	  analysis	   for	   the	  LTM	  contrast	  during	   the	  WM	  probe	  (see	  bottom	  right	  panel	  of	  Fig.	  4	   for	  details)	  phase	  revealed	  greater	  activation	  in	  the	  left	  hippocampus	  (local	  maximum	  at	  [-­‐27,	  -­‐24,-­‐	  15];	  
pSVC	   =	   .05)	   and	   in	   the	   left	   parahippocampal	   region	   (local	   maximum	   at	   [-­‐21,	   -­‐3,-­‐27];	   pSVC	   =	   .013).	  Outside	  the	  MTL,	  an	  activation	  pattern	  within	  the	  anterior	  and	  posterior	  midline	  was	  found.	  That	  is,	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in	  the	  medial	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐15,	  60,24],	  pFWE	  <	  .001)	  and	  posterior	  cingulate	  cortex	   extending	   into	   the	   precuneus	   (local	   maximum	   at	   [-­‐9,	   -­‐45,	   30];	   pFWE	   <	   .001).	   In	   addition,	  greater	   activation	  was	   found	   in	   the	   left	  middle	   temporal	   gyrus	   (local	  maximum	  at	   [-­‐60,	   -­‐21,	   -­‐15];	  
pFWE	  <	  .001).	  3.2.2	  Subsequent	  memory	  effects	  equating	  for	  either	  WM	  or	  LTM	  performance	  3.2.2.1.	  Early	  and	  late	  delay	  phase	  3.2.2.1.1	  Subsequent	  WM	  effect	  equating	  for	  LTM	  performance	  To	  control	  for	  possible	  contamination	  effects	  of	  LTM	  when	  assessing	  WM	  effects,	  we	  next	  examined	  which	  brain	  regions	  were	  specifically	  recruited	  for	  WM	  hits	  as	  compared	  to	  WM	  misses,	  when	  there	  was	  no	  evidence	  of	  successful	  LTM	  formation,	  i.e.,	  WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐.	  However,	  neither	  stage	  of	  the	  WM	  maintenance	  phase	  revealed	  differential	  activation	  (see	  top	  left	  panel	  of	  Fig.	  5).	  	  
Table	  3.	   Activations	   for	   the	   subsequent	  WM	  effect	   equating	   for	  LTM	  performance	   (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  during	  early	  (1)	  or	  (2)	   late	  stage	  of	   the	  WM	  maintenance	  phase	  and	  the	  subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐)	  for	  (3)	  early	  and	  (4)	  late	  delay.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  equating	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐):	  Early	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  
(2)	  WM	  equating	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐):	  Late	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  
(3)	  LTM	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐):	  Early	  delay	  Left	  dorsolateral	  prefrontal	  cortex	   L	  46	   105	   4.92	  a	   4.79	   -­‐30	   45	   30	  	   	   	   3.72	   3.66	   -­‐21	   39	   36	  	   	   	   3.66	   3.61	   -­‐36	   27	   33	  Left	  posterior	  parietal	  cortex	   L	  40	   27	   4.38	  b	   4.28	   -­‐57	   -­‐42	   51	  
(4)	  LTM	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐):	  Late	  delay	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  a	  pFWE	  <	  .05	  b	  pSVC	  <	  .05	  
	  3.2.2.1.2	  Subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  For	   the	   LTM	   task,	  we	   investigated	  which	   brain	   regions	   predicted	   successful	   LTM	  when	   pairs	   had	  already	  been	  correctly	  classified	  in	  the	  WM	  task	  (see	  bottom	  left	  panel	  of	  Fig.	  5).	  To	  this	  end,	  pairs	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correctly	  recognized	  in	  WM	  and	  remembered	  in	  the	  LTM	  task	  were	  contrasted	  with	  pairs	  correctly	  recognized	   in	   WM	   but	   missed	   in	   the	   LTM	   task	   (i.e.,	   WM+/LTM+	   >	   WM+/LTM-­‐).	   For	   the	   early	  maintenance	  phase,	  this	  analysis	  revealed	  greater	  activation	  in	  the	  left	  dorsolateral	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐30,	  45,	  30];	  pFWE	  =	  .003)	  and	  left	  posterior	  parietal	  cortex	  /	  intraparietal	  sulcus	  (local	  maximum	  at	  [-­‐54,	  -­‐42,	  55];	  pSVC	  =	  .022).	  As	  for	  the	  late	  stage	  of	  the	  WM	  maintenance	  phase,	  no	  brain	  regions	  exhibited	  differential	  activation	  for	  LTM	  hits	  vs.	  misses.	  	  
	  
Fig.	  5.	  Top	  panels:	  Brain	  areas	  related	  to	  successful	  WM	  processing	  during	  the	  early	  WM	  maintenance	  phase	  (top	  left	  panel)	  or	  the	  WM	  probe	  phase	  (top	  right),	  equated	  for	  LTM	  performance	   (WM+/LTM-­‐	   >	   WM-­‐/LTM-­‐).	   A	   correct	   WM	   decision	   was	   associated	   with	  greater	   activation	   in	   the	   medial	   prefrontal	   cortex	   and	   precuneus	   (the	   latter	   did	   not	  survive	  a	  multiple	  comparison	  correction,	  though).	  
Bottom	   panels:	   Brain	   areas	   related	   to	   successful	   LTM	   formation	   during	   the	   early	  WM	  maintenance	  phase	  (bottom	   left	  panel)	  or	   the	  WM	  probe	  phase	  (bottom	  right),	  equated	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐).	  Successful	  LTM	  formation	  during	  the	  early	   WM	   delay	   phase	   was	   associated	   with	   greater	   activation	   in	   the	   left	   dorsolateral	  prefrontal	   cortex,	   left	   posterior	   parietal	   cortex	   /	   intraparietal	   sulcus	   and	   left	   temporal	  pole	  (the	  latter	  did	  not	  survive	  a	  multiple	  comparison	  correction).	  
Activation	  clusters	  (p	  <	  .001,	  uncorrected,	  >25	  voxels)	  superimposed	  on	  averaged	  (n=26)	  high-­‐resolution	  T1-­‐weighted	   images.	  The	  data	   for	   these	   figures	  were	  extracted	  only	   for	  illustrative	  purposes	  and	  not	  for	  testing	  effects	  statistically.	  Note:	  R	  =	  right.	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3.2.2.3.	  Probe	  phase	  3.2.2.3.1	  Subsequent	  WM	  effect	  equating	  for	  LTM	  performance	  A	   correct	   WM	   decision	   during	   probe	   was	   associated	   with	   increased	   activation	   in	   the	   medial	  prefrontal	  cortex	  (local	  maximum	  at	  [-­‐6,	  39,	  -­‐6];	  pFWE	  <	  .001).	  Small-­‐volume	  corrections	  for	  the	  MTL	  or	  parietal	  areas	  did	  not	  reveal	  additional	  significant	  voxels	  (see	  top	  right	  panel	  of	  Fig.	  5).	  	  
Table	   4.	   Probe-­‐related	   activations	   for	   (1)	   the	   subsequent	   WM	   effect	   equating	   for	   LTM	   performance	  (WM+/LTM-­‐	   >	   WM-­‐/LTM-­‐)	   and	   (2)	   the	   subsequent	   LTM	   effect	   equating	   for	   WM	   performance	  (WM+/LTM+	  >	  WM+/LTM-­‐).	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  WM	  equating	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  Medial	  prefrontal	  cortex	   10	  /	  11	   321	   5.38	  a	   5.21	   -­‐6	   39	   -­‐6	  	   	   	   4.69	   4.58	   -­‐3	   54	   -­‐3	  	   	   	   4.57	   4.47	   12	   60	   0	  
(2)	  LTM	  equating	  for	  WM	  performance	  (WM+/LTM+	  >	  WM+/LTM-­‐)	  -­‐	  no	  suprathreshold	  clusters	  -­‐	   	   	   	   	   	   	   	  a	  pFWE	  <	  .05	  
	  3.2.2.3.2	  Subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  A	   similar	   analysis	   for	   the	   subsequent	   LTM	   effect	   during	   the	   WM	   probe	   phase	   yielded	   only	   one	  marginally	  significant	  voxel	   in	   the	   left	  hippocampus	  (local	  maximum	  at	   [-­‐27,	   -­‐24,	   -­‐15];	  pSVC	  =	   .077).	  Outside	  the	  MTL,	  no	  significant	  activation	  was	  obtained,	  given	  our	  statistical	  threshold	  (see	  bottom	  right	  panel	  of	  Fig.	  5).	  
4.	  Discussion	  The	   present	   results	   on	   the	   underlying	   neural	   substrates	   of	   successful	   WM	   and	   LTM	   during	   the	  maintenance	   and	   WM	   probe	   phase	   extend	   previous	   findings	   focusing	   on	   the	   encoding	   phase	  (Bergmann	  et	  al.,	  2012).	  While	  previous	  studies	  typically	  studied	  either	  WM	  or	  LTM	  in	  isolation	  and	  did	   not	   consider	   potential	   contamination	   effects	   of	   incidental	   LTM	   formation	   processes	   during	  different	   WM	   stages	   (i.e.,	   encoding,	   maintenance,	   probe),	   we	   investigated	   which	   brain	   regions	  support	  successful	  WM	  processing	  when	  LTM	  fails	  and	  which	  brain	  regions	  support	  successful	  LTM	  formation	  when	  stimuli	  had	  already	  been	  successfully	  recognized	  in	  WM.	  That	  is,	  by	  controlling	  for	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LTM	  performance,	  we	  reduced	  the	  likelihood	  of	  potential	  confounding	  effects	  and	  obtained	  a	  clearer	  measure	  of	  brain	  regions	  and	  networks	  supporting	  successful	  processing	  in	  an	  associative	  WM	  task.	  Results	   for	   the	  WM	  contrast	   “corrected”	   for	  LTM	  performance	   (i.e.,	   contrasting	  WM	   task	  hits	  with	  WM	   task	  misses	   for	  pairs	   subsequently	   forgotten	   in	   the	  LTM	   task)	   showed	   that,	   not	  unexpectedly	  (see	   discussion	   below),	   no	   clusters	   survived	   the	   statistical	   threshold	   for	   the	   WM	   maintenance	  period.	   In	   contrast,	   an	   established	   “retrieval	   success	   network”	   (Buckner,	   Andrews-­‐Hanna,	   &	  Schacter,	   2008;	   Henson,	   Hornberger,	   &	   Rugg,	   2005;	   Huijbers	   et	   al.,	   2010;	   Wagner	   et	   al.,	   2005),	  comprising	  anterior	  and	  posterior	  midline	  brain	  regions,	  was	  activated	  during	  the	  probe	  phase.	  With	  respect	  to	  the	  LTM	  contrast,	  equating	  for	  WM	  performance	  (i.e.,	  contrasting	  LTM	  task	  hits	  with	  LTM	  task	   misses,	   exclusively	   for	   pairs	   which	   were	   processed	   correctly	   in	   the	   previous	   WM	   task),	  activation	  in	  the	  left	  dorsolateral	  prefrontal	  cortex	  and	  left	  posterior	  parietal	  cortex	  /	   intraparietal	  sulcus	  during	  the	  early	  stage	  of	  the	  WM	  maintenance	  phase	  predicted	  performance	  on	  the	  LTM	  task.	  Finally,	  no	  clusters	  exhibited	  suprathreshold	  activation	  for	  the	  subsequent	  LTM	  effect	  during	  the	  late	  delay	  or	  the	  WM	  probe	  phase.	  The	  results	  are	  discussed	  in	  more	  detail	  below.	  
4.1	  Maintenance	  phase	  The	   idea	   that	  persistent	  neural	   activity	  underlies	   active	  online	  WM	  maintenance	  has	  been	  postulated	  decades	  ago.	  For	  example,	  the	  first	  electrophysiological	  evidence	  in	  monkeys	  in	  favor	  of	  this	  neural	  basis	  of	  WM	  maintenance	  has	  been	  reported	  in	  the	  early	  1970s	  (Fuster,	  1973;	  Fuster	  &	  Alexander,	  1971)	  and	  in	  monkey	  lesion	  studies	  as	  early	  as	  in	  the	  1930s	  (Jacobsen,	  1935).	  However,	  as	  Gazzaley,	  Rissman	  and	  D’Esposito	  (2004)	  argued,	  persistent	  activity	  within	  isolated	  brain	  regions	  is	  most	   likely	   not	   the	   underlying	  mechanism	   of	   active	   information	  maintenance.	   Rather,	   complex	  interactions	   between	   distributed	   nodes	   of	   neural	   networks,	   possibly	   via	   transient	   changes	   in	  synaptic	   efficiency	   (Zucker	   &	   Regehr,	   2002)	   or	   synchronous	   oscillations	   between	   neuronal	  populations	  (Engel	  et	  al.,	  2001;	  Fell	  &	  Axmacher,	  2011;	  Jensen,	  2006;	  Jensen	  &	  Lisman,	  2005;	  Singer	  &	   Gray,	   1995)	   are	   thought	   to	   subserve	   active	  WM	  maintenance.	   Hence,	   considering	   the	   proposed	  underlying	  mechanisms	   as	  well	   as	   the	   fact	   that	  Hannula	  &	  Ranganath	   (2008)	   in	   their	   subsequent	  WM	  analyses	   also	   failed	   to	  demonstrate	  brain	   regions	  exhibiting	   suprathreshold	  activation	  during	  maintenance,	   it	   is	   not	   surprising	   that	   we	   also	   did	   not	   succeed	   in	   finding	   maintenance-­‐related	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suprathreshold	  activation	  for	  the	  WM	  accuracy	  contrast.	  In	  addition,	  it	  is	  possible	  that	  no	  differential	  maintenance-­‐related	   activation	   was	   found	   between	   pairs	   correctly	   recognized	   and	   pairs	   not	  correctly	   recognized	   as	   the	   WM	   load	   for	   successful	   and	   unsuccessful	   trials	   was	   comparable	   and	  participants	   in	  both	  conditions	  did	  actively	  maintain	  the	  to-­‐be-­‐remembered	  information.	  However,	  they	  may	  have	   failed	   to	  maintain	   the	  correct	  associations	  of	   faces	  and	  houses	   (i.e.,	  possibly	  due	   to	  incorrect	   forming	   of	   associations	   during	   the	   encoding	   phase)	   or	   did	   not	   correctly	   retrieve	   them	  during	  the	  probe	  phase.	  	  One	  may	   object,	   though,	   that	   a	   number	   of	   previous	   studies	   were	   able	   to	   show	   persistent	  activity	   in	   different	   brain	   regions	   during	  WM	  maintenance	   (see	   review	  by	  Ranganath,	   2006).	   It	   is	  important	   to	   note,	   however,	   that	   most	   of	   these	   studies	   either	   contrasted	   the	   WM	   maintenance	  period	   with	   low-­‐level	   resting	   baseline,	   sensory-­‐motor	   control	   tasks,	   or	   analyses	   were	   based	   on	  performance	  on	  a	  subsequent	  LTM	  task	  (i.e.,	  a	  subsequent	  LTM	  effect),	  a	  substantial	  difference	  with	  the	  present	  study	  that	  investigated	  which	  brain	  areas	  supported	  successful	  execution	  of	  a	  WM	  task.	  The	  fact	  that	  it	  makes	  a	  difference	  whether	  one	  analyzes	  a	  subsequent	  WM	  or	  LTM	  effect	  is	  also	  demonstrated	   in	  our	   subsequent	  LTM	  analysis	   (i.e.,	   LTM	  hits	   vs.	   LTM	  misses),	   exclusively	   for	  pairs	  previously	  correctly	  recognized	  in	  WM.	  During	  the	  early	  stage	  of	  the	  WM	  maintenance	  phase,	  LTM	  accuracy	  was	  associated	  with	  greater	  activation	  in	  brain	  regions	  traditionally	  proposed	  to	  play	  an	   important	  role	  during	  WM	  maintenance:	   the	   left	  dorsolateral	  prefrontal	  cortex	   (Courtney,	  Petit,	  Maisog,	   Ungerleider,	   &	   Haxby,	   1998;	   Fuster	   &	   Alexander,	   1971;	   Kojima	   &	   Goldman-­‐Rakic,	   1982;	  Kubota	   &	   Niki,	   1971;	   Miller,	   Erickson,	   &	   Desimone,	   1996),	   left	   posterior	   parietal	   cortex	   /	  intraparietal	   sulcus	   (Curtis,	   Rao,	   &	   D'Esposito,	   2004;	   D'Esposito,	   Postle,	   Ballard,	   &	   Lease,	   1999;	  Gnadt	  &	  Andersen,	  1988;	  Koch	  &	  Fuster,	  1989;	  Snyder,	  Batista,	  &	  Andersen,	  1997;	  Todd	  &	  Marois,	  2004)	  as	  well	  as	  the	  specific	  fronto-­‐parietal	  synchronous	  interaction	  (Fell	  &	  Axmacher,	  2011;	  Hebb,	  1949;	  Oliveri	  et	  al.,	  2001;	  Payne	  &	  Kounios,	  2009;	  Salazar,	  Dotson,	  Bressler,	  &	  Gray,	  2012;	  see	  also	  the	   meta-­‐analysis	   by	   Rottschy	   et	   al.,	   2012	   who	   identified	   a	   fronto-­‐parietal	   network	   commonly	  activated	  across	  189	   fMRI	  experiments).	  Engagement	  of	  both	  brain	   regions	  has	  been	   suggested	   to	  reflect	   executive	   control	   and	   attentional	   processes,	   and	   sustaining	   the	   firing	   pattern	   during	   the	  maintenance	  phase	  in	  order	  to	  build-­‐up	  an	  episodic	  representation	  (Ranganath,	  2006).	  Particularly	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the	   dorsolateral	   prefrontal	   cortex	   has	   been	   implicated	   in	   the	   modulation	   of	   activity	   in	   posterior	  cortical	   areas	   and	   in	   engaging	   executive	   control	   mechanisms	   that	   allow	   for	   manipulation	   of,	  comparisons	   across,	   and	   the	   selection	   from	   representations	   being	   maintained	   in	   WM	   (Davachi,	  Maril,	   &	  Wagner,	   2001;	  Hopf	   et	   al.,	   2006;	  Wagner,	  Maril,	   Bjork,	   &	   Schacter,	   2001),	   particularly	   in	  relational	  memory	  tasks	  (Hannula	  &	  Ranganath,	  2008;	  Mitchell,	  Johnson,	  Raye,	  &	  D'Esposito,	  2000;	  Murray	  &	  Ranganath,	  2007;	  Piekema	  et	  al.,	  2006;	  Prabhakaran,	  Narayanan,	  Zhao,	  &	  Gabrieli,	  2000).	  Our	  findings	  further	  suggest	  that	  engagement	  of	  the	  dorsolateral	  prefrontal	  cortex	  may	  only	  play	  a	  temporary	  role	  during	  the	  maintenance	  phase,	  i.e.	  during	  the	  early	  stage	  of	  WM	  maintenance,	  rather	  than	  persistently	  across	   the	  whole	  maintenance	  phase.	  As	  mentioned	  previously,	  during	   the	   initial	  stage	   of	   the	   maintenance	   phase	   an	   internal	   representation	   of	   the	   target	   is	   thought	   to	   be	   formed	  (Ranganath	   et	   al.,	   2005)	   and	   information	   active	   in	  WM	  needs	   to	   be	   organized,	   as	   in	   our	   study,	   in	  which	   a	   total	   of	   four	   faces,	   each	   associated	   with	   a	   corresponding	   house,	   had	   to	   be	   remembered	  correctly.	   Considering	   the	   relatively	   high	   load	   as	   well	   as	   high	   pace	   of	   the	   encoding	   phase,	   a	   re-­‐organizing	  of	  the	  pairs	  may	  have	  been	  necessary.	  In	  their	  review,	  Blumenfeld	  and	  Ranganath	  (2007)	  proposed	   that	   one	   major	   function	   of	   the	   dorsolateral	   prefrontal	   cortex	   during	   WM	   may	   be	   to	  organize	   multiple	   pieces	   of	   information,	   thereby	   enhancing	   and	   strengthening	   memory	   for	  associations	  among	  items	  and	  promoting	  LTM	  for	  this	  kind	  of	  information.	  The	  notion	  that	  this	  may	  be	  particularly	  crucial	  for	  LTM	  formation	  can	  also	  be	  seen	  in	  our	  analyses	  of	  the	  LTM	  where	  we	  did	  not	   consider	  WM	   performance	   (i.e.,	   the	   “classical”	   subsequent	  memory	   effect	   LTM+	   >	   LTM-­‐)	   and	  which	  largely	  failed	  to	  demonstrate	  fronto-­‐parietal	  activation.	  
4.2	  Probe	  phase	  At	   retrieval,	   a	   correct	   WM	   decision	   was	   associated	   with	   greater	   activation	   in	   brain	   regions	  previously	  described	  as	  a	  generic,	  content-­‐independent	  “retrieval	  success	  network”	  (Buckner	  et	  al.,	  2008;	  Henson	  et	  al.,	  2005;	  Huijbers	  et	  al.,	  2010;	  Wagner	  et	  al.,	  2005),	  including	  the	  posterior	  midline	  region	   (comprising	   the	   precuneus,	   the	   posterior	   cingulate,	   and	   the	   retrosplenial	   cortex;	   note	   that	  activation	  in	  these	  areas	  did	  not	  survive	  a	  multiple	  comparison	  correction	  in	  the	  present	  paper	  for	  the	  “corrected”	  WM	  contrast),	  the	  medial	  prefrontal	  cortex	  as	  well	  as	  the	  hippocampus.	  With	  respect	  to	  the	  hippocampus,	  it	  has	  been	  suggested	  that	  hippocampal	  activation	  may	  be	  modulated	  by	  delay	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length,	   with	   retrieval	   after	   shorter	   delays	   being	   less	   hippocampus-­‐dependent	   than	   retrieval	   after	  longer	   delays	   (Brozinsky	   et	   al.,	   2005;	  Huijbers	   et	   al.,	   2010;	   Talmi	   et	   al.,	   2005)	   and,	   thus,	   it	   is	   not	  surprising	  that	  we	  did	  not	  find	  hippocampal	  involvement	  in	  our	  analysis.	  Interestingly,	  however,	  the	  retrieval	   success	  network	  has	  been	  shown	  to	  be	   involved	   in	  episodic	  or	  LTM	  retrieval	   rather	   than	  successful	  WM	  retrieval	  (Buckner	  et	  al.,	  2008;	  Henson	  et	  al.,	  2005;	  Huijbers	  et	  al.,	  2010;	  Wagner	  et	  al.,	   2005).	   Hence,	   greater	   activation	   of	   these	   brain	   regions	   may	   suggest	   that	   the	   allotted	   time	  constraint	  of	  2	  s,	  within	  which	  our	  participants	  had	  to	  respond,	  was	  sufficient	  to	  allow	  for	  controlled	  strategic	  retrieval	  processes.	  This	  may	  seem	  at	  variance	  with	  the	  notion	  that	  information	  is	  ”active”	  in	  WM,	   i.e.,	   in	   the	   focus	   of	   attention	   (Cowan,	   1999,	   2005)	   and,	   hence,	   that	   no	   strategic	   processes	  should	   be	   required	   to	   actively	   “retrieve”	   the	   to-­‐be-­‐learned	   information.	   However,	   the	   latter	   view	  may	  be	  particularly	  true	  for	  relatively	  “simple”	  memoranda	  that	  have	  to	  be	  actively	  maintained	  only	  (rather	  than	  transformed	  or	  manipulated),	  and	  which	  are	  tested	  after	  a	  delay	  of	  not	  more	  than	  a	  few	  seconds.	  As	  soon	  as	  the	  information	  becomes	  more	  complex	  (Jeneson	  &	  Squire,	  2012),	  the	  cognitive	  load	  (Schon	  et	  al.,	  2009)	  or	  the	  delay	  length	  increases	  (Brozinsky	  et	  al.,	  2005;	  Huijbers	  et	  al.,	  2010;	  Talmi	  et	  al.,	  2005),	  and	  /	  or	  the	  information	  needs	  to	  be	  transformed	  or	  manipulated	  (a	  core	  feature	  of	  “working”	  memory	  in	  contrast	  to	  “short-­‐term	  memory”),	  more	  complex	  cognitive	  operations	  may	  be	   required	   in	   order	   to	   make	   an	   accurate	   WM	   decision	   and	   hence,	   information	   may	   need	   to	   be	  actively	  retrieved.	  	  	   The	   analysis	   of	   the	   subsequent	   LTM	   effect,	   in	   contrast,	   did	   not	   reveal	   any	   reliable	   effects.	  Only	   a	   marginally	   significant	   activation	   was	   found	   in	   left	   hippocampus	   after	   a	   small-­‐volume	  correction,	  possibly	  because	  the	  WM	  probe	  phase	  may	  have	  served	  as	  a	  second	  encoding	  event	  for	  the	  subsequent	  recognition	  memory	  task	  (the	  identical	  pairs	  were	  tested	  later	  in	  the	  LTM	  task,	  and	  encoding	   of	   these	   associations	   has	   previously	   been	   reported	   to	   be	   hippocampus-­‐dependent;	  Bergmann	   et	   al.,	   2012).	   This	   (relative)	   null-­‐finding	   can	   be	   explained	   by	   the	   fact	   that	   participants	  were	  not	   aware	   that	   a	   subsequent	  LTM	   task	  would	   follow	   the	  WM	   task.	  As	   a	   result,	   there	  was	  no	  reason	  to	  engage	  in	  additional	  strategic	  processing	  in	  order	  to	  remember	  the	  association	  in	  the	  long	  term.	  	  
	  	  
	  
77	  
4.3	  Conclusions	  The	  present	  study	  is	  one	  of	  the	  first	  to	  disentangle	  brain	  regions	  supporting	  WM	  performance	  and	  brain	   areas	   involved	   in	  LTM	   formation	  during	   the	   execution	  of	   a	  WM	   task.	  This	   approach	   already	  revealed	   insights	   concerning	   encoding-­‐related	   activity	   associated	   with	   successful	   WM	   or	   LTM	  (Bergmann	  et	  al.,	  2012).	  Here,	  we	  extended	  this	  finding	  by	  investigating	  the	  maintenance	  and	  probe	  phase	   of	   an	   associative	   delayed-­‐match-­‐to-­‐sample	   task.	   Interestingly,	   maintenance-­‐related	  engagement	  of	  a	  fronto-­‐parietal	  network	  (the	  WM	  “core	  network”;	  Rottschy	  et	  al,	  2012)	  was	  found	  to	   be	   particularly	   associated	   with	   successful	   LTM	   formation	   rather	   than	   WM.	   This	   does	   not	  necessarily	  imply	  that	  activation	  of	  this	  network	  does	  not	  support	  WM	  task	  performance.	  However,	  it	   may	   suggest	   that	   successful	   execution	   of	   an	   associative	   WM	   task	   may	   be	   relatively	   stronger	  supported	  by	  mechanisms	  to	  which	  fMRI	  is	  rather	  insensitive	  and/or	  that	  processes	  during	  encoding	  and	   the	  probe	  phase	  are	  more	  critical	  determinants	  of	  WM	  accuracy.	  Concerning	   the	  probe	  phase,	  we	  found	  a	  core	  retrieval	  success	  network,	  previously	  proposed	  to	  be	  implicated	  in	  episodic	  /	  LTM	  retrieval,	   suggesting	   that	   strategic	   retrieval	   processes	   may	   also	   be	   involved	   in	   this	   kind	   of	  associative	  WM	  task.	  	  In	   sum,	  a	   combined	  WM/LTM	  paradigm,	  which	  allows	   for	  equating	   for	  either	  WM	  or	  LTM	  performance,	  appears	  to	  be	  particularly	  suited	  for	  studying	  which	  brain	  regions	  support	  successful	  execution	  of	  a	  WM	  and	  LTM	  task	  by	  reducing	  the	  “contamination”	  of	  either	  memory	  system.	  In	  other	  words,	   by	   implementing	   this	   kind	   of	   paradigm	   we	   were	   able	   to	   obtain	   clearer	   insights	   of	   the	  underlying	  neural	  substrates	  of	  successful	  WM	  and	  LTM	  in	  the	  present	  as	  well	  as	  our	  previous	  study	  (Bergmann	   et	   al.,	   2012).	  More	   general,	   future	   studies	   need	   to	   be	  more	   specific	   on	  how	  and	  when	  performance	   on	   their	   WM	   task	   actually	   relies	   on	   WM	   processing	   rather	   than	   reflecting	   LTM	  performance	   or	   WM-­‐LTM	   interactions.	   A	   combined	   WM-­‐LTM	   task	   appears	   to	   be	   one	   means	   to	  account	  for	  this	  potential	  confound.	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Neural	  substrates	  of	  successful	  working	  memory	  and	  long-­‐term	  memory	  
in	  an	  object-­‐location	  relational	  memory	  task	  
	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  	  Based	  on:	  	   Bergmann,	  H.	  C.,	  Daselaar,	  S.,	  Fernández,	  G.,	  &	  Kessels,	  R.	  P.	  C.	  (in	  prep.).	  Neural	  substrates	  of	   successful	   working	   memory	   and	   long-­‐term	   memory	   in	   an	   object-­‐location	   relational	  memory	  task.	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Abstract	  It	  has	  been	  argued	  that	   long-­‐term	  memory	  (LTM)	  processes	  may	  be	  needed	  even	  when	  memory	  is	  tested	  seconds	  after	  learning	  and	  that	  working	  memory	  (WM)	  tasks	  may	  involve	  activation	  of	  brain	  processes	   actually	   implicated	   in	   LTM.	   In	   order	   to	   disentangle	   these	   two	   memory	   systems,	   we	  employed	  a	  combined	  WM	  /	  LTM	  task,	  using	  a	  spatial	  relational	  (object-­‐location)	  memory	  paradigm,	  and	   analyzed	   which	   brain	   areas	   were	   associated	   with	   successful	   performance	   for	   either	   task.	  Critically,	   we	   corrected	   for	   the	   performance	   on	   the	   respective	   memory	   task	   when	   analyzing	   the	  subsequent	   memory	   effects.	   The	  WM	   task	   consisted	   of	   a	   delayed-­‐match-­‐to-­‐sample	   task	   that	   was	  assessed	  in	  an	  MRI	  scanner.	  Each	  trial	  consisted	  of	  an	  indoor	  or	  outdoor	  scene	  in	  which	  four	  trial-­‐unique	   objects	   were	   placed	   randomly.	   The	   participants’	   task	   was	   to	   remember	   the	   exact	  configuration	  of	  the	  objects	  in	  the	  scene.	  After	  a	  short	  delay	  phase	  (7-­‐13s)	  the	  scene	  was	  presented	  from	  a	  different	  angle	  and	  two	  of	  the	  four	  objects	  were	  tested.	  Participants	  were	  to	  indicate	  whether	  the	   location	   of	   the	   objects	   matched	   that	   during	   the	   encoding	   phase	   or	   not.	   After	   scanning,	  participants	   received	   an	   unexpected	   subsequent	   recognition	  memory	   (LTM)	   task,	   where	   the	   two	  previously	   un-­‐probed	   objects	  were	   tested.	   Brain	   activity	   during	   encoding,	   delay	   phase	   and	   probe	  phase	   was	   analyzed	   based	   on	   WM	   and	   LTM	   performance.	   Results	   showed	   that	   successful	   WM	  performance,	  when	   corrected	   for	   LTM	  performance,	  was	   associated	  with	   greater	   activation	   in	   left	  and	   right	   inferior	   frontal	   gyrus	   and	   left	   fusiform	   gyrus	   during	   the	   early	   stage	   of	   the	  maintenance	  phase.	   A	   correct	   decision	   during	   the	  WM	  probe	  was	   accompanied	   by	   greater	   activation	   in	   a	  wide	  network,	   including,	   bilateral	   hippocampus,	   right	   superior	   parietal	   gyrus	   and	   bilateral	   insula.	  Surprisingly,	   no	   voxels	   exhibited	   supra-­‐threshold	   activity	   during	   the	   encoding	   phase.	   In	   addition,	  probably	  due	   to	   the	  relative	  difficulty	  of	   the	  LTM	  task,	  we	  did	  not	   find	  any	  differential	  activity	   for	  correct	  vs.	  incorrect	  trials	  for	  any	  of	  the	  four	  stages	  of	  the	  WM	  task	  when	  analyzing	  LTM	  correct	  with	  LTM	  incorrect	  trials.	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1.	  Introduction	  The	   underlying	   neural	   substrate	   of	   working	   memory	   (WM)	   is	   still	   under	   heavy	   debate.	  Whereas	  “classical”	   dual	  model	   theories	   implied	   frontal	   as	  well	   as	   parietal	   regions	   as	   being	   critical	   for	   the	  processing	  and	  maintenance	  of	  limited	  amount	  of	  information	  (supposed	  to	  be	  within	  WM	  capacity)	  across	   a	   short	   interval,	   recent	   accounts	   suggested	   to	   distinguish	   memory	   systems	   based	   on	   the	  underlying	  processing	  operations	  required	  to	  successfully	  complete	  the	  task	  at	  hand	  rather	  than	  the	  interval	   between	   study	   and	   test	   (Jonides	   et	   al.,	   2008;	   Konkel	   &	   Cohen,	   2009;	   Ranganath	   &	  Blumenfeld,	   2005).	   In	   this	   view,	   the	   exact	   task	   characteristics	   as	  well	   as	   how	   the	   task	   is	   typically	  executed	  should	  be	  concisely	  defined	  and	  analyzed	  a	  priori	  and	  this	  would	  lead	  to	  clear	  predictions	  on	  which	  mechanisms	   and	   brain	   regions	   should	   be	   engaged	   during	   the	   execution	   of	   the	   task.	   For	  instance,	   it	   has	   been	   argued	   that	   tasks	   which	   require	   the	   rapid	   encoding	   of	   associations	   would	  engage	  the	  hippocampus,	  irrespective	  of	  the	  length	  between	  study	  and	  test	  and	  whether	  the	  stimuli	  had	  been	  processed	  consciously	  or	  not	  in	  the	  first	  place	  (Henke,	  2010).	  This	  is	  most	  likely	  being	  due	  to	   its	   anatomical	   characteristics	   and	   extensive	   reciprocal	   connectivity	  with	   polymodal	   neocortical	  association	   areas	   (Suzuki	  &	  Amaral,	   1994),	   serving	   as	   a	   hub	   of	   brain	   network	   communication	   for	  memory	  (Battaglia,	  Benchenane,	  Sirota,	  Pennartz,	  &	  Wiener,	  2011).	  The	   latter	  proposal	   is	   in	   line	  with	  the	  seemingly	   increasing	  amount	  of	  evidence	  suggesting	  hippocampal	  involvement	  not	  only	  in	  (episodic)	  long-­‐term	  memory	  (LTM),	  but	  also	  in	  more	  or	  less	  “typical”	  relational	  WM	  tasks,	  in	  both	  patient	  studies	  (Crane	  &	  Milner,	  2005;	  Giovanello	  et	  al.,	  2003;	  Hannula	  et	  al.,	  2006;	  Hartley	  et	  al.,	  2007;	  Holdstock	  et	  al.,	  1995;	  Nichols	  et	  al.,	  2006;	  Olson,	  Moore,	  et	  al.,	   2006;	   Olson,	   Page,	   et	   al.,	   2006;	   Piekema	   et	   al.,	   2007;	   Rose	   et	   al.,	   2012;	   Turriziani	   et	   al.,	   2004;	  however,	  see	  Jeneson	  et	  al.,	  2011;	  Jeneson	  et	  al.,	  2010;	  Jeneson	  et	  al.,	  2012;	  Stark	  et	  al.,	  2002;	  Stark	  &	  Squire,	  2003),	   intracranial	  EEG	  and	  MEG	  (Axmacher,	  Henseler,	   et	   al.,	   2010;	  Axmacher,	  Lenz,	   et	   al.,	  2010;	  Axmacher	   et	   al.,	   2007)	   as	  well	   as	   functional	   neuroimaging	   studies	   (Axmacher,	  Haupt,	   et	   al.,	  2009;	  Axmacher	  et	  al.,	  2008;	  Hannula	  &	  Ranganath,	  2008;	  Kirwan	  &	  Stark,	  2004;	  Luck	  et	  al.,	  2010;	  Nichols	  et	  al.,	  2006;	  Olsen	  et	  al.,	  2009;	  Oztekin	  et	  al.,	  2009;	  Piekema	  et	  al.,	  2006;	  Piekema	  et	  al.,	  2009;	  Piekema	   et	   al.,	   2010;	   Ranganath	   et	   al.,	   2005;	   Schon	   et	   al.,	   2009).	   However,	   a	   definition	   of	   the	  underlying	   cognitive	  operations	   required	  or	   engaged	  during	   the	   execution	  of	   a	  WM	   task	  may	  also	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imply	   that	   people	   may	   try	   to	   use	   mnemonic	   strategies	   that	   do	   not	   fit	   very	   well	   within	   typical	  definitions	   of	  WM.	  More	   specifically,	   in	   our	   previous	   studies	  we	   argued	   that	   performance	   on	  WM	  tasks	   is	   typically	  supported	  by	  (incidental)	  LTM	  processes	  even	  when	  memory	   is	   tested	  only	  after	  seconds	   of	   learning	   (cf.	   Jeneson	   &	   Squire,	   2012)	   and	   possibly	   due	   to	   the	   fact	   that	   people	   use	  mnemonic	   strategies	   like	   e.g.	   semantic	   coding	  which	   is	   typically	  more	   related	   to	   LTM	   rather	   than	  WM.	   Hence,	   that	   WM	   may	   involve	   the	   activation	   of	   at	   least	   some	   brain	   regions	   that	   are	   more	  typically	   associated	   with	   LTM	   (cf.	   Baddeley,	   2012)	   and	   this	   does	   not	   necessarily	   imply	   that	  activation	  of	  these	  brain	  areas	  is,	  strictly	  speaking,	  required	  for	  the	  successful	  completion	  of	  the	  WM	  task.	   In	  order	  to	  obtain	  a	  clearer	  measure	  of	  which	  brain	  areas	  support	  the	  successful	  execution	  of	  associative	  WM	  tasks,	  we	  developed	  a	  paradigm	  consisting	  of	  a	  delayed-­‐match-­‐to-­‐sample	  (WM)	  task,	  assessed	   in	   a	   event-­‐related	   functional	  MRI	   study	   and	   an	   unexpected	   delayed	   recognition	  memory	  (LTM)	  task	  outside	   the	  scanner,	   testing	   the	  same	  (pairs	  of)	  stimuli	  as	  during	   the	  WM	  task	  (that	   is,	  task	   characteristics	   were	   held	   constant	   across	   the	   two	   memory	   tests;	   Bergmann	   et	   al.,	   2012;	  Bergmann	  et	  al.,	   in	   revision).	   Subsequent	  memory	  effects	  were	  analyzed	   for	  both	   the	  WM	  and	   the	  LTM	   task,	   by	   contrasting	   hits	   with	   misses	   on	   either	   memory	   task.	   Critically,	   when	   assessing	   the	  “subsequent	  WM	  effect”,	  analyses	  concentrated	  exclusively	  on	  stimulus	  pairs	  that	  were	  not	  correctly	  recognized	   in	   the	   subsequent	   LTM	   task,	   thereby	   reducing	   a	   potential	   confound	   of	   incidental	   LTM	  formation	   during	   the	   execution	   of	   a	   WM	   task.	   This	   paradigm	   provided	   initial	   insight	   in	   the	  underlying	  neural	   substrates	  of	   successful	   associative	  WM,	  using	  a	  non-­‐spatial	  WM	  and	  LTM	   task.	  One	  of	  the	  most	  interesting	  results	  was	  that	  we	  found	  hippocampal	  involvement	  during	  the	  encoding	  phase	  of	  the	  WM	  task.	  However,	  this	  was	  associated	  with	  successful	  LTM	  formation	  rather	  than	  WM	  processing	  (Bergmann	  et	  al.,	  2012).	  Whereas	  we	  demonstrated	  that	  hippocampal	  activation	  during	  WM	  may	  be	  associated	  with	  LTM,	  there	  is	  still	  the	  possibility	  that	  the	  hippocampus	  may	  be	  required	  for	  more	  spatial	  relational	  WM	   tasks.	   Hannula	   &	   Ranganath	   (2008)	   argued	   that	   many	   studies	   failing	   to	   demonstrate	  hippocampal	   involvement	   typically	  used	  paradigms	  which	  might	  have	  obviated	  relational	  memory	  processing	   and	   therefore	   employed	   a	   challenging	   object-­‐location	   memory	   task	   with	   a	   clear	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allocentric	   spatial	   component.	   In	   their	   “subsequent	  WM	   effect”	   analysis	   (contrasting	   correct	   with	  incorrect	   trials)	   they	   found,	   amongst	   others,	   increased	   hippocampal	   activation	   for	   correct	   vs.	  incorrect	  trials	  for	  both	  the	  encoding	  and	  the	  probe	  phase.	  However,	  it	  could	  not	  be	  determined	  to	  what	  extent	   this	  was	  related	   to	   incidental	  LTM	  formation	  rather	   than	  “true”	  WM	  processing,	   since	  the	  authors	  administered	  only	  a	  WM	  task.	  To	   investigate	   the	   possible	   role	   of	   the	   hippocampus	   in	   (allocentric)	   spatial	  WM	   tasks,	  we	  adopted	   our	   paradigm	   of	   a	   combined	   WM	   and	   LTM	   task.	   Hence,	   in	   a	   functional	   MRI	   study	   we	  determined	   the	   underlying	   neural	   substrates	   of	   successful	   spatial	  WM	   and	   LTM.	   In	   each	   trial,	  we	  presented	  a	  rendered	  scene	  (indoor	  or	  outdoor	  scenes)	   in	  which	   trial-­‐unique	  objects	  were	  placed.	  Subsequently,	  during	  the	  probe	  phase,	  the	  scene	  was	  shown	  from	  a	  different	  angle	  and	  the	  objects	  were	  either	  presented	  at	   the	  same	  spot	  or	  one	  object	  changed	  its	   location	  or	  two	  objects	  swapped	  their	  location.	  On	  completion	  of	  the	  WM	  task,	  we	  assessed	  an	  unexpected	  recognition	  memory	  task	  outside	  the	  scanner	  to	  test	  LTM	  for	  the	  object-­‐location	  mappings.	  
2.	  Method	  
2.1	  Participants	  	  Thirty	  right-­‐handed	  healthy	  undergraduate	  students	  (12	  male;	  mean	  age	  =	  20.57	  years,	  ranging	  from	  18	  to	  27	  years)	  participated	  in	  the	  study.	  However,	  five	  participants	  (one	  male)	  were	  excluded	  from	  further	  analyses	  because	  they	  performed	  on	  chance	   level	  on	  the	  LTM	  task	  and	  another	  participant	  (female)	   performed	   on	   chance	   level	   (proportion	   correct	   55.7)	   on	   the	  WM	   task.	   The	   remaining	   24	  participants	   (mean	   age	   =	   20.71	   years)	   all	   had	   normal	   or	   corrected-­‐to-­‐normal	   vision.	   None	   had	   a	  history	  of	  neurological,	  major	  medical,	  or	  psychiatric	  disorders.	  Participants	  gave	  written	  informed	  consent	   according	   to	   the	   local	   ethics	   committee	   (CMO	   Region	   Arnhem-­‐Nijmegen)	   and	   the	  declaration	  of	  Helsinki.	  
2.2	  Behavioral	  task	  An	  object-­‐location	  delayed-­‐match-­‐to-­‐sample	  memory	   task	   (hereafter	   referred	   to	   as	  WM	   task)	  was	  administered	  in	  an	  MRI	  scanner.	  The	  encoding	  phase	  started	  with	  the	  presentation	  of	   four	  objects,	  presented	  for	  2.5	  s	  and	  which	  were	  presented	  against	  a	  white	  background	  (see	  Fig.	  1	  for	  a	  schematic	  overview	  of	  one	  trial	  of	  the	  task).	  This	  was	  followed	  by	  a	  variable	  interstimulus	  interval	  of	  3–5	  s	  (in	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steps	   of	   0.5	   s).	   Subsequently,	   one	   of	   fourteen	   rendered	   scenes,	   created	  with	   Punch!	  Home	  Design	  software,	   and	   sized	   to	   720	  ✕	   406	   pixels	   was	   presented.	   These	   fourteen	   scenes	   all	   had	   similar	  dimensions	   and	   each	   scene	   could	   be	   presented	   from	   three	   different	   angles	   (“frontal”,	   ”left”	   and	  “right”).	  These	  different	  positions	  of	   the	  camera	  were	  also	  the	  same	  for	  all	  scenes	  (see	  Fig.	  2).	  The	  fourteen	  scenes	  depicted	  clearly	  discriminable	   scenes,	   like	   for	   instance	  a	  kitchen,	  office	   room	  or	  a	  bathroom	  (this	  label	  was	  depicted	  underneath	  the	  scene	  to	  help	  participants	  discriminating	  between	  scenes).	   Each	   scene	   had	   unique	   furniture	   and	   appliances.	   In	   addition,	   for	   each	   scene	   12	   possible	  object	   locations	   (i.e.,	   coordinates)	   were	   defined,	   in	   which	   objects	   could	   be	   placed.	   During	   the	  encoding	   phase,	   the	   scene	   was	   always	   presented	   fro	   the	   frontal	   view	   and	   presented	   for	   1	   s.	  Subsequently,	  the	  four	  previously	  shown	  objects	  were	  pseudo-­‐randomly	  placed	  in	  four	  of	  the	  twelve	  pre-­‐defined	  object	  locations	  of	  the	  respective	  scene	  and	  shown	  for	  2.5	  s	  (the	  objects	  were	  placed	  1	  s	  after	   presentation	   of	   the	   scene	   to	   reduce	   the	   participants’	   visual	   screening).	   The	   encoding	   period	  was	   followed	   by	   a	   variable	   7-­‐13	   s	  maintenance	   interval,	   varied	   in	   steps	   of	   2	   s.	   During	   the	   probe	  phase,	  the	  same	  scene	  was	  shown	  again	  for	  1	  s.	  However,	  the	  position	  of	  the	  “camera”	  was	  relocated	  and	  the	   location	  shift	  was	  randomly	  determined	  for	  each	  trial	  (pseudo-­‐randomized,	  50%	  left,	  50%	  right	   shifts).	   Subsequently,	   two	   of	   the	   four	   objects	  were	   placed	   in	   the	   scene	   again.	   In	   50%	  of	   the	  trials	  these	  two	  objects	  were	  placed	  in	  the	  same	  location	  as	  during	  the	  encoding	  phase	  (match	  trial),	  in	  25%	  of	  the	  trials	  one	  of	  the	  two	  objects	  changed	  its	   location,	  and	  in	  the	  remaining	  25%	  the	  two	  objects	  swapped	  their	  position.	  The	  participants	  task,	  however,	  was	  only	  to	  indicate	  whether	  the	  two	  objects	   were	   placed	   at	   the	   same	   positions	   as	   during	   the	   encoding	   phase	   (‘match’)	   or	   not	   (‘non-­‐match’).	  Response	  had	  to	  be	  given	  within	  the	  allotted	  time	  constraint	  of	  2.5	  s,	  by	  pressing	  a	  button	  with	   the	   right	   index	   finger	   (“match”)	   or	   right	  middle	   finger	   (“no	  match”)	   using	   an	  MR-­‐compatible	  keypad.	  In	  total,	  140	  trials	  were	  administered	  in	  the	  scanner.	  Preceding	  the	  experiment,	  participants	  received	   written	   instructions	   and	   completed	   eight	   practice	   trials	   outside	   the	   scanner	   to	   get	  familiarized	  with	  the	  task.	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Fig.	  1.	  Schematic	  overview	  of	  one	  trial	  of	  the	  delayed-­‐match-­‐to-­‐sample	  (WM)	  task	  and	  the	  LTM	   task.	   In	   each	   trial	   the	   four	   objects	   that	  were	   to	   be	   placed	   in	   the	   scene	  were	   first	  presented.	  Subsequently,	   the	  room	  without	   the	  objects	  was	  shown,	  whereupon	  the	   four	  objects	  were	  placed.	  During	  the	  probe	  phase,	  the	  room	  was	  shown	  from	  a	  different	  angle	  and	  subjects	  had	  to	  indicate	  whether	  the	  two	  objects	  were	  at	  the	  same	  spot	  as	  during	  the	  learning	  phase	  or	  not.	   In	   the	  LTM	  task,	   the	   two	  other	   items	  were	  probed	  and	   the	  room	  was	  again	  presented	  from	  a	  different	  orientation.	  
	  
Fig.	   2.	   Schematic	   overview	   of	   the	   dimensions	   of	   the	   scenes	   and	   the	   orientation	   of	   the	  camera	  (indicated	  with	  a	  X	  and	  the	  black	  arrows).	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   After	   scanning,	   participants	   were	   presented	  with	   an	   unexpected	   recognition-­‐memory	   test	  (hereafter	   referred	   to	   as	   LTM	   task)	   to	   assess	   LTM	   for	   the	   item-­‐locations	   that	  were	   shown	   in	   the	  scanner.	  This	   task	  was	  highly	   similar	   to	   the	  probe	  phase	  of	   the	  WM	   task.	  That	   is,	   each	  of	   the	  140	  trials,	  started	  with	  the	  presentation	  of	  the	  scene,	  presented	  for	  1	  s,	  and	  followed	  by	  the	  placement	  of	  two	   objects.	   However,	   the	   location	   of	   the	   camera	   was	   again	   changed	   (i.e.,	   if	   the	   location	   of	   the	  camera	  had	  been	   at	   the	   left	   side	  during	   the	  WM	  probe,	   it	   now	  was	   at	   the	   right	   side)	   and	   the	   two	  previously	  un-­‐probed	  objects	  were	  tested	  (this	  was	  done	  to	  avoid	  double	  encodings).	  In	  50%	  of	  the	  trials	   the	   two	  objects	  were	  placed	   in	   the	   same	   location	  as	  during	   the	  encoding	  phase	   (‘match’),	   in	  25%	  on	  of	  the	  two	  objects	  changed	  its	  location	  and	  in	  the	  remaining	  25%	  the	  two	  objects	  swapped	  their	  positions.	  Again,	  participants	  only	  had	   to	   indicate	   if	   the	   location	  of	   the	  objects	  matched	  their	  original	   position	   (‘match’)	   or	   not	   (‘non-­‐match’).	   In	   addition,	   participants	   could	   give	   a	   confidence	  rating	   that	   ranged	   from	   1	   (“definitely	   not	   at	   the	   same	   location”)	   to	   6	   (“definitely	   at	   the	   same	  location”).	  Fig.	  1	  gives	  a	  schematic	  overview	  of	  the	  WM	  and	  LTM	  task.	  
2.3	  Image	  acquisition	  and	  data	  preprocessing	  	  Images	  were	  collected	  with	  a	  1.5T	  Avanto	  MRI	  scanner	  system	  (Siemens	  Medical	  Systems,	  Erlangen,	  Germany)	   using	   a	   32-­‐channel	   radiofrequency	   head	   coil.	   First,	   high-­‐resolution	   anatomical	   images	  were	  acquired	  using	  a	  T1-­‐weighted	  3D	  MPRAGE	  sequence	  (TR	  =	  2250ms,	  TE	  =	  2.95ms,	  flip	  angle	  =	  15º,	  176	  sagittal	  slices,	  acquisition	  matrix	  =	  256	  ×	  256,	  FOV	  =	  256	  mm,	  voxel	  size	  =	  1	  ×	  1×	  1	  mm3).	  Whole-­‐brain	   functional	   images	  were	   collected	   using	   a	   T2*-­‐weighted	   EPI	   sequence	   (TR	   =	   2280ms,	  TE	  =	  40ms,	   image	   matrix	   =	   64	   ×	   64,	   FOV	   =	   212	   mm,	   flip	   angle	   =	   90º,	   slice	   thickness	   =	   3.0	   mm,	  distance	  factor	  =	  10%,	  voxel	  size	  3.3	  ×	  3.3	  ×	  3.0	  mm3,	  32	  axial	  slices).	  The	  first	  five	  volumes	  of	  the	  EPI	  series	   were	   excluded	   from	   the	   analysis	   to	   allow	   the	   magnetization	   to	   approach	   a	   dynamic	  equilibrium.	  Data	  processing	   started	  with	   realignment	   of	   the	   functional	  EPI-­‐BOLD	   images,	   using	   a	  six-­‐parameter,	   rigid-­‐body	   transformation	   algorithm.	   Subsequently,	   the	   mean	   of	   the	   functional	  images	   was	   co-­‐registered	   to	   the	   structural	   MR	   image	   using	   mutual	   information	   optimization.	  Functional	  images	  were	  then	  spatially	  normalized,	  re-­‐sampled	  to	  create	  3	  mm	  isotropic	  voxels,	  and	  transformed	  into	  a	  common	  stereotactic	  space,	  as	  defined	  by	  the	  SPM5	  MNI	  T1	  template.	  Finally,	  the	  images	  were	  spatially	   smoothed	  with	  an	  8-­‐mm	  FWHM	  Gaussian	   filter.	  Low-­‐frequency	  drifts	   in	   the	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time	  domain	  were	   removed	  by	  modeling	   the	   time	  series	   for	  each	  voxel	  by	  a	   set	  of	  discrete	   cosine	  functions	  to	  which	  a	  cutoff	  of	  128	  s	  was	  applied.	  	  
2.4	  fMRI	  data	  analysis	  The	  fMRI	  data	  were	  analyzed	  with	  statistical	  parametric	  mapping	  using	  SPM5	  software	  (Wellcome	  Department	   of	   Cognitive	   Neurology,	   London).	   Subject-­‐level	   statistical	   analyses	   were	   performed	  using	  the	  general	  linear	  model	  (GLM).	  We	  investigated	  which	  brain	  regions	  could	  predict	  success	  on	  the	  WM	   and	   LTM	   task	   during	   the	   encoding,	   maintenance	   phase	   as	   well	   as	   the	  WM	   probe	   phase.	  Based	   on	   memory	   performance,	   trials	   were	   divided	   into	   different	   categories.	   Participants	   could	  respond	  correctly	  (hits	  and	  correct	  rejections)	  and	  incorrectly	  (misses	  and	  false	  alarms)	  on	  both	  the	  WM	  and	  LTM	   task,	   four	   response	   categories	  were	  possible:	   (1)	  WM	  correct	   /	  LTM	  correct	   (in	   the	  remainder:	  WM+/LTM+),	   (2)	  WM	  correct	   /	   LTM	   incorrect	   (WM+/LTM-­‐),	   (3)	  WM	   incorrect	   /	   LTM	  correct	   (WM-­‐/LTM+),	   and	   (4)	   WM	   incorrect	   /	   LTM	   incorrect	   (WM-­‐/LTM-­‐).	   However,	   the	  combination	  WM-­‐/LTM+	   did	   not	   occur	   frequently,	   resulting	   in	   inadequate	   statistical	   power	   to	   be	  reliably	   estimated	   and	   therefore	   this	   combination	  was	   entered	   as	   a	   regressor	   of	   no-­‐interest.	   The	  remaining	  three	  categories	  were	  entered	  as	  separate	  regressors	  of	  interest,	  as	  a	  function	  of	  the	  WM	  phase.	  In	  addition,	  the	  object	  presentation	  was	  also	  entered	  as	  a	  regressor	  of	  interest.	  The	   identical	  vector	  definition	  (i.e.,	  onset,	  duration	  and	  expected	  neural	  activity	  associated	  with	   each	   component)	   as	   implemented	   by	   Ranganath	   et	   al.	   (2005)	   was	   used	   (see	   Fig.	   3):	   The	  construction	   of	   the	   covariates	   for	   early	   and	   late	   stage	   of	   WM	   maintenance	   was	   based	   on	   the	  assumption	  that	  processing	  associated	  with	  the	  early	  stage	  would	  occur	  during	  the	  first	  few	  seconds	  of	  the	  maintenance	  phase.	  Processing	  associated	  with	  the	  late	  stage	  of	  WM	  maintenance,	  in	  contrast,	  was	  suggested	  to	  persist	  throughout	  the	  remainder	  of	  the	  WM	  maintenance	  phase.	  To	  minimize	  the	  possibility	  that	  activity	  associated	  with	  other	  WM	  stages,	  onset	  and	  offset	  of	  the	  early	  and	  late	  stage	  of	  the	  delay	  phase	  were	  spaced	  apart	  from	  each	  other	  as	  well	  as	  from	  the	  probe	  phase.	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Fig.	  3.	  Vectors	  of	  expected	  neural	  activity	  corresponding	  to	  encoding,	  early	  and	  late	  delay	  and	  probe	  phase.	  Covariates	  modelling	  BOLD	  response	  on	  each	  WM	  trial	  were	  constructed	  by	   convolving	   the	   different	   stages	   (i.e.,	   early	   delay,	   late	   delay	   or	   probe	   phase)	   with	   its	  respective	  duration	  and	  convolved	  with	  the	  canonical	  hemodynamic	  response	  function.	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2.5	  Second-­‐level	  analyses	  The	   described	   individual	   contrast	   images	   were	   created	   and	   submitted	   to	   a	   second-­‐level	   factorial	  analysis,	   consisting	   of	   two	   factors:	   (1)	   Phase,	   consisting	   of	   four	   levels	   (encoding,	   early	   delay,	   late	  delay	   and	   probe	   phase)	   and	   (2)	   Response	   Category,	   comprising	   the	   three	   levels	   of	   interest	   (WM-­‐/LTM-­‐,	  WM+/LTM-­‐,	  WM+/LTM+).	   Participants	  were	   treated	   as	   random	  variable.	   Results	   from	   the	  random	  effects	  analyses	  were	  first	  thresholded	  at	  p	  =	  .001	  (uncorrected).	  Subsequently,	  cluster-­‐size	  statistics	   were	   used	   as	   the	   test	   statistic.	   For	   whole-­‐brain	   analyses,	   clusters	   at	   pFWE	   <	   0.05	   (FWE	  corrected	   for	   multiple	   non-­‐independent	   comparisons;	   Worsley	   et	   al.,	   1996)	   were	   considered	  significant	  and	  are	  reported	  together	  with	  the	  MNI	  coordinates	  of	  their	  local	  maximum.	  In	  addition,	  given	   the	   disputed	   role	   of	   the	   medial	   temporal	   lobe,	   an	   anatomical	   region	   of	   interest	   (ROI)	   was	  created	   which	   bilaterally	   covered	   the	   hippocampus	   or	   the	   parahippocampal	   region,	   respectively.	  These	  were	  used	  as	  a	  mask	  for	  small-­‐volume	  corrections	  (tested	  at	  pSVC	  <	  0.05).	  
3.	  Results	  
3.1	  Behavioral	  data	  3.1.1	  WM	  task	  Mean	  hit	   rate	  was	   76.01%	   (±	   9.01)	   and	  mean	   false	   alarm	   rate	   15.00%	   (±	   7.86),	  d’	   =	   1.83,	   ±	   0.47.	  Participants	  failed	  to	  respond	  within	  the	  time	  constraint	  of	  2	  seconds	  in	  5.65%	  of	  the	  trials.	  3.1.2.	  LTM	  task	  Figure	   4	   shows	   the	   distribution	   of	   averaged	   response	   proportions	   in	   the	   LTM	   task.	   A	   2	   (stimulus	  type:	  match	  vs.	  re-­‐arranged	  pair)	  by	  6	  (confidence	  rating:	  6-­‐point	  scale)	  repeated-­‐measure	  MANOVA	  revealed	  an	   interaction	  between	  confidence	  rating	  and	  stimulus	  type,	  F(5,	  102)	  =	  14.80,	  p	  <	   .0005,	  ηp²	  =	   .39.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	  showed	  that	  the	  proportion	  of	   ‘6’	  (t(23)	  =	  4.98,	  p	  <	   .0005)	  and	  ‘5’	  (t(23)	  =	  4.00,	  p	  <	  .0005)	  ratings	  was	  significantly	  higher	  for	  matches	  than	  for	  non-­‐matches.	  In	  contrast,	  the	  proportion	  of	  ‘1’	  (t(25)	  =	  4.01,	  p	  =	  .001),	  ‘2’	  (t(23)	  =	  2.02,	  p	  =	  .056),	  and	  ‘3’	  (t(23)	  =	  4.33,	  
p	  <	  .0005)	  ratings	  for	  matches	  was	  significantly	  lower	  than	  for	  non-­‐matches.	  Finally,	  the	  proportion	  of	  ‘4’	  ratings	  did	  not	  differ	  between	  these	  two	  (t(23)	  =	  1.24,	  p	  =	  .23).	  These	  results	  demonstrate	  that	  participants	   were	   able	   to	   successfully	   discriminate	   between	   matches	   and	   non-­‐matches	   at	   all	  confidence	   levels,	   except	   level	   4	   (note	   that	   the	   difference	   was	   only	   marginally	   significant,	   when	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tested	   two-­‐tailed,	   for	   the	   ‘2’	   rating).	   Consequently,	   ‘correct’	   LTM	   trials	   were	   defined	   as	   correctly	  endorsing	   an	   intact	   arrangement	   with	   a	   confidence	   rating	   of	   5	   or	   6	   and	   as	   correctly	   rejecting	   a	  rearranged	   arrangement	   with	   a	   confidence	   rating	   of	   1,	   2	   or	   3.	   In	   contrast,	   LTM	   were	   classified	  ‘incorrect’	  when	  participants	  failed	  to	  endorse	  intact	  pairs	  with	  a	  confidence	  rating	  of	  5	  or	  6	  or	  failed	  to	   reject	   a	   rearranged	   arrangement	  with	   a	   rating	   of	   1,	   2	   or	   3.	   Each	  participant	   had	  more	   than	  10	  events	  of	  each	  response	  category.	  
	  
Fig.	  4.	  Behavioral	  performance	  on	  the	  LTM	  task.	  Distributions	  of	  mean	  hit	  and	  false	  alarm	  rates:	  Mean	   (±SEM)	   proportions	   of	   responses	   are	   depicted	   on	   the	   y-­‐axis	   and	   confidence	  ratings	  (“1”:	  definitely	  a	  non-­‐match;	  “6”:	  definitely	  a	  match)	  on	  the	  x-­‐axis.	  ***p	  ≤	   .001,	  +p	  =	  .056.	  
3.2.	  Functional	  imaging	  data	  3.2.1	  Subsequent	  WM	  memory	  effect	  equating	  for	  LTM	  performance	  3.2.1.1	  Encoding	  phase	  To	  control	  for	  possible	  contamination	  effects	  of	  LTM	  when	  assessing	  WM	  effects,	  we	  next	  examined	  which	  brain	   regions	  were	   specifically	   recruited	   for	   correct	  WM	  trials	   as	  opposed	   to	   incorrect	  WM	  trials,	  when	  there	  was	  no	  evidence	  of	  successful	  LTM	  formation,	   i.e.,	  WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐.	  No	  voxels	  exhibited	  supra-­‐threshold	  activation	  for	  this	  contrast.	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  3.2.1.2	  Early	  and	  late	  maintenance	  phase	  For	  the	  early	  maintenance	  phase	  (see	  fig.	  5),	  this	  analysis	  revealed	  greater	  activation	  in	  the	  left	  (local	  maximum	  at	  [-­‐60,	  15,	  18];	  pFWE	  <	  .001)	  and	  right	  (local	  maximum	  at	  [51,	  9,	  12];	  pFWE	  <	  .001)	  inferior	  frontal	  gyrus.	   In	  addition,	  marginally	  significantly	  greater	  activation	  was	   found	   in	   the	   left	   fusiform	  gyrus	   (local	   maximum	   at	   [-­‐36,	   -­‐51,	   -­‐12];	   pFWE	   =	   .069).	   Small-­‐volume	   corrections	   for	   the	   medial	  temporal	  lobe	  did	  not	  reveal	  additional	  activation	  clusters.	  A	  similar	  analysis	  was	  performed	  for	  the	  late	  delay	  phase.	  However,	  no	  voxels	  exhibited	  supra-­‐threshold	  activation.	  	  
	  
Fig.	  5.	  Brain	  areas	  related	  to	  successful	  WM	  processing	  during	  the	  early	  WM	  maintenance	  phase,	  equated	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐).	  A	  correct	  WM	  decision	  was	   associated	   with	   greater	   activation	   in	   left	   and	   right	   inferior	   frontal	   gyrus	   and	   left	  fusiform	  gyrus.	  	  Activation	  clusters	  (p	  <	  .001,	  uncorrected,	  >30	  voxels)	  superimposed	  on	  averaged	  (n=24)	  high-­‐resolution	  T1-­‐weighted	   images.	  The	  data	   for	   these	   figures	  were	  extracted	  only	   for	  illustrative	  purposes	  and	  not	  for	  testing	  effects	  statistically.	  	  3.2.1.3	  Probe	  phase	  Outside	  the	  medial	  temporal	  lobe	  we	  found	  greater	  probe-­‐related	  activation	  in	  the	  right	  post-­‐central	  gyrus	  /	  superior	  parietal	  gyrus	  (local	  maximum	  at	  [24,	  -­‐24,	  66];	  pFWE	  <	  .001)	  as	  well	  as	  in	  the	  left	  pre-­‐/	   postcentral	   gyrus	   (local	  maximum	   at	   [-­‐21,	   -­‐27,	   54];	  pFWE	   <	   .001),	   the	   left	  middle	   occipital	   gyrus	  (local	  maximum	  at	  [-­‐45,	  -­‐63,	  6];	  pFWE	  =	   .003),	  and	  left	  (local	  maximum	  at	  [-­‐39,	  -­‐6,	  18];	  pFWE	  =	   .001)	  and	   a	   big	   cluster	   comprising	   the	   right	   insula	   and	   putamen	   (local	   maximum	   at	   [27,	   -­‐6,	   -­‐3];	   pFWE	  <	  .001).	  See	  fig.	  6	  for	  details.	  Within	  the	  medial	  temporal	  lobe	  this	  analysis	  revealed	  greater	  left	  (local	  maximum	   at	   [-­‐36,	   -­‐12,	   -­‐18];	   pSVC	   =	   .005)	   and	   right	   (local	   maximum	   at	   [30,	   -­‐6,	   -­‐18];	   pSVC	   =	   .001)	  hippocampal	  activation	  for	  correct	  vs.	  incorrect	  trials.	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Table	  1.	   Activations	   for	   the	   subsequent	  WM	  effect	   equating	   for	  LTM	  performance	   (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐)	  during	  (1)	  encoding,	  (2)	  early	  or	  (3)	  late	  stage	  of	  the	  WM	  maintenance	  phase	  and	  (4)	  probe.	  Brain	  region	   BA	   Cluster	  size	   t-­‐value	  	   z-­‐value	   MNI	  x	   y	   z	  
(1)	  Encoding	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  
(2)	  Early	  delay	  Left	  inferior	  frontal	  gyrus	   L	  44	   120	   4.39	  a	   4.30	   -­‐60	   15	   18	  	   	   	   3.85	   3.79	   -­‐39	   9	   0	  	   	   	   3.79	   3.73	   -­‐48	   15	   0	  Right	  inferior	  frontal	  gyrus	   L	  44	   91	   4.45	  a	   4.35	   51	   9	   12	  	   	   	   4.21	   4.12	   57	   33	   18	  	   	   	   4.01	   3.93	   60	   15	   15	  Left	  fusiform	  gyrus	   L	  37	   42	   4.82	  a	   4.70	   -­‐36	   -­‐51	   -­‐12	  
(3)	  Late	  delay	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -­‐	  no	  suprathreshold	  clusters	  -­‐	  
(4)	  Probe	  Left	  hippocampus	   	   5	   3.77	  b	   3.71	   -­‐36	   -­‐12	   -­‐18	  Right	  hippocampus	   	   4	   4.30	  b	   4.21	   30	   -­‐6	   -­‐18	  Left	  pre-­‐/	  postcentral	  gyrus	   L	  4	  /	  5	   244	   4.54	  a	   4.43	   -­‐21	   -­‐27	   54	  	   	   	   4.28	   4.19	   -­‐21	   -­‐27	   69	  	   	   	   4.10	   4.02	   6	   -­‐6	   48	  Right	  postcentral	  gyrus	  /	   L	  2	  /	  5	   300	   4.86	  a	   4.74	   24	   -­‐24	   66	  right	  superior	  parietal	  gyrus	   	   	   4.58	   4.47	   18	   -­‐48	   66	  	   	   	   4.43	   4.34	   27	   -­‐39	   57	  Left	  middle	  occipital	  gyrus	   L	  37	   88	   4.53	  a	   4.43	   -­‐45	   -­‐63	   6	  Left	  insula	  /	  opperculum	   	   103	   4.24	  a	   4.16	   -­‐39	   -­‐6	   -­‐18	  	   	   	   4.18	   4.10	   -­‐33	   -­‐12	   6	  	   	   	   3.76	   3.70	   -­‐30	   -­‐3	   0	  Right	  insula	  /	  putamen	   	   250	   5.50	  a	   5.32	   27	   -­‐6	   -­‐3	  	   	   	   4.62	   4.51	   30	   -­‐3	   12	  	   	   	   4.52	   4.41	   30	   -­‐3	   -­‐18	  a	  pFWE	  <	  .05	  b	  pSVC	  <	  .05	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Fig.	   6.	   Brain	   areas	   associated	  with	   a	   correct	  WM	  decision	   during	   the	  WM	  probephase,	  equated	  for	  LTM	  performance	  (WM+/LTM-­‐	  >	  WM-­‐/LTM-­‐).	  Greater	  activation	  in	   left	  and	  right	   hippocampus,	   insula	   and	   bilateral	   post-­‐central	   gyrus,	   extending	   into	   parietal	   lobe	  was	  found.	  	  Activation	  clusters	  (p	  <	  .001,	  uncorrected,	  >30	  voxels)	  superimposed	  on	  averaged	  (n=24)	  high-­‐resolution	  T1-­‐weighted	   images.	  The	  data	   for	   these	   figures	  were	  extracted	  only	   for	  illustrative	  purposes	  and	  not	  for	  testing	  effects	  statistically.	  	  3.2.2	  Subsequent	  LTM	  effect	  equating	  for	  WM	  performance	  For	   the	   LTM	   task,	  we	   investigated	  which	   brain	   regions	   predicted	   successful	   LTM	  when	   pairs	   had	  already	  been	  correctly	  classified	  in	  the	  WM	  task.	  To	  this	  end,	  trials	  correctly	  recognized	  in	  WM	  and	  remembered	  in	  the	  LTM	  task	  were	  contrasted	  with	  stimulus	  sets	  recognized	  correctly	  in	  WM	  but	  not	  correctly	   in	   the	  LTM	  task	  (i.e.,	  WM+/LTM+	  >	  WM+/LTM-­‐).	  Somewhat	  surprisingly,	   though,	  we	  did	  not	  obtain	  any	  supra-­‐threshold	  activations	  for	  any	  of	  the	  four	  analyzed	  stages	  (encoding,	  early	  and	  late	  delay,	  probe	  phase).	  
4.	  Discussion	  The	  present	  paper	  investigated	  the	  underlying	  neural	  substrates	  of	  successful	  spatial-­‐relational	  WM	  and	  LTM.	  Critically,	  subsequent	  memory	  effects	  for	  both	  WM	  and	  LTM	  were	  “corrected”	  to	  minimize	  the	  potential	  confounds	  of	  either	  memory	  system.	  Since	  most	  previous	  studies	  investigated	  WM	  or	  LTM	  in	  isolation,	  they	  could	  not	  determine	  to	  what	  extent	  their	  reported	  findings	  might	  have	  been	  related	  to	  other	  memory	  processes	  or	  systems	  than	  those	  being	  formally	  under	  investigation.	  Hence,	  our	   study	  was	   based	   on	   the	   underlying	   rationale	   that	   LTM	  or	   processes	  more	   typically	   related	   to	  LTM	  typically	  support	  performance	  on	  a	  WM	  task,	  irrespective	  of	  the	  delay	  between	  study	  and	  test	  (and	   also	   irrespective	   of	  memory	   load).	   For	   four	   different	   stages	   of	   the	  WM	   task	   (encoding,	   early	  delay,	   late	   delay,	   probe	   phase)	   we	   assessed	   which	   brain	   regions	   were	   associated	   with	   either	   a	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successful	   decision	   on	   the	   WM	   or	   the	   LTM	   task.	   WM	   and	   LTM	   will	   be	   discussed	   in	   turn	   in	   the	  following	  sections.	  
4.1	  WM	  task	  	  The	   subsequent	   WM	   analysis	   for	   the	   encoding	   phase	   did	   not	   yield	   differential	   activity.	   This	   is	  particularly	   interesting	   because	   our	   previous	   study	   that	   focused	   on	   the	   encoding	   phase	   in	   a	   non-­‐spatial	  associative	  WM	  task,	  clearly	  demonstrated	  differential	  activity	  for	  both	  the	  subsequent	  WM	  and	  LTM	  effects	  (Chapter	  2	  /	  Bergmann	  et	  al.,	  2012).	   In	  that	  study	  we	  found	  activation	  in	  content-­‐specific	   visuo-­‐perceptual	   areas	   being	   associated	   with	   a	   correct	   decision	   on	   the	   WM	   task.	   More	  specifically,	  we	  reported	  greater	  activation	  in	  parahippocampal	  gyrus	  and	  fusiform	  gyrus,	  reflecting	  the	  fact	  that	  we	  used	  pairs	  of	  houses	  and	  faces	  as	  stimuli.	  This	  was	  explained	  by	  increased	  (or	  more	  efficient)	  content	  processing	  of	  (some	  of)	  the	  visual	  features	  of	  the	  presented	  stimuli	  (Bergmann	  et	  al.,	  2012).	  However,	   in	  the	  present	  study	  stimuli	  did	  not	  belong	  to	  one	  particular	  category.	  Rather,	  many	  different	   stimuli	  were	  used	   that	   are	   thought	   to	  be	  processed	   in	  different	   areas	  of	   the	  brain.	  Hence,	   if	   one	   assumes	   that,	   particularly	   during	   the	   encoding	   phase	   and	   for	  WM,	   successful	   visuo-­‐perceptual	  processing	  is	  critical	  for	  successful	  WM	  processing,	  it	  may	  be	  a	  little	  less	  surprising	  that	  we	  did	  not	  find	  differential	  activity	  for	  correct	  vs.	  incorrect	  trials	  in	  our	  present	  study.	  However,	  the	  primary	   task	   of	   the	   participants	   was	   to	   learn	   and	   remember	   the	   spatial	   configuration	   of	   each	  stimulus	  set	  and	  by	  presenting	  the	  scene	  from	  a	  different	  angle	  we	  hoped	  to	  tap	  allocentric	  spatial	  processing	  and,	  hence,	  hypothesized	  to	  replicate	  previous	  findings	  that	  encoding-­‐related	  activity	  in	  the	   hippocampus	   would	   predict	   success	   on	   the	   WM	   task	   (Hannula	   &	   Ranganath,	   2005).	   It	   is	  currently	  unclear	  why	  we	  did	  not	  replicate	  these	  findings.	  Possibly,	  some	  idiosyncratic	  feature	  of	  our	  paradigm	  might	  have	  obviated	  true	  relational	  memory	  processing	  (e.g.,	  some	  participants	  indicated	  that	  they	  tried	  to	  try	  to	  encode	  the	  stimuli	  by	  their	  color	  and	  the	  order	  in	  which	  they	  were	  presented	  in	  the	  scene,	  which,	  however,	  does	  not	  appear	  to	  be	  a	  perfect	  method	  when	  the	  scene	  was	  rotated).	  Future	  research	  has	  to	  determine	  the	  role	  of	  the	  hippocampus	  in	  this	  kind	  of	  spatial	  WM	  tasks.	  	   During	   the	   late	   delay	   stage	   we	   did	   not	   obtain	   any	   supra-­‐threshold	   activation	   for	   the	   late	  delay	   stage,	   but	   greater	   activation	   in	   bilateral	   inferior	   frontal	   gyrus	   for	   correct	   vs.	   incorrect	   trials	  was	   found	   for	   the	  early	  delay	  stage.	   Interestingly,	   in	  a	  previous	  study	   (Bergmann	  et	  al.,	  2012),	  we	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found	   encoding-­‐related	   activity	   in	   a	   highly	   overlapping	   brain	   area	   (left	   inferior	   frontal	   gyrus),	  predicting	   success	   on	   the	   LTM	   task.	   We	   then	   interpreted	   this	   finding	   as	   reflecting	   semantic	  processes	   that	   facilitate	   storage	   over	   longer	   delay	   periods	   (see	   also	   Badre	   &	   Wagner,	   2007;	  Uncapher	  &	  Rugg,	  2005;	  Wagner	  et	  al.,	  2005).	  The	  fact	  that	  we	  now	  find	  an	  overlapping	  pattern	  for	  the	   early	   delay	   stage	   may	   be	   in	   line	   with	   the	   notion	   that	   during	   this	   stage	   an	   active,	   dynamic	  reconstruction	  of	  novel	  information	  may	  still	  be	  on-­‐going	  (Ranganath	  et	  al.,	  2005).	  In	  other	  words,	  at	  stimulus	   offset	   encoding	   processes	   may	   not	   be	   completed	   yet	   (cf.	   Bergmann	   et	   al.,	   2013)	   and	  participants	  may	  still	  be	  attempting	   to	   form	  a	  coherent	   internal	  representation	   in	  order	   to	  help	   to	  remember	  the	  stimulus	  set	  across	  the	  delay	  phase.	  However,	  as	  just	  stated,	  activation	  in	  the	  inferior	  frontal	  gyrus	  was	  related	  to	  LTM	  performance	  in	  our	  previous	  study,	  but	  now	  with	  successful	  WM.	  As	  we	  will	  see	  in	  the	  following	  section,	  particularly	  the	  failure	  of	  finding	  differential	  activity	  for	  the	  LTM	   contrasts,	   may	   be	   the	   result	   of	   the	   relative	   difficulty	   of	   the	   LTM	   task	   and	   also	   the	   relative	  difficulty	   of	   the	   WM	   task	   may	   have	   asked	   for	   additional	   (semantic)	   processing.	   Apart	   from	   the	  inferior	  frontal	  gyrus,	  greater	  left	  fusiform	  gyrus	  activity	  was	  found,	  also	  previously	  being	  reported	  to	  predict	  LTM	  success	  during	  encoding	  (Bergmann	  et	  al;	  2012;	  Brewer	  et	  al.,	  1998;	  Wagner	  et	  al.,	  1998;	  Kirchhoff	   et	   al.,	   2000;	   Sperling	   et	   al.,	   2003).	   This	   has	   been	   explained	   by	   the	   fusiform	   gyrus	  being	  involved	  in	  the	  generation	  of	  mental	  images	  as	  well	  as	  in	  the	  processing	  of	  deeper	  high-­‐level	  perceptual	  and	  semantic	  elements	  of	  the	  memoranda	  (Dickerson	  et	  al.,	  2007).	  	  	   Analyses	   for	   the	   probe	   phase	   clearly	   demonstrated	   greater	   activation	   for	   correct	   vs.	  incorrect	  trials	  in	  several	  regions.	  First	  of	  all,	  greater	  hippocampal	  activation	  was	  associated	  with	  a	  correct	  decision	  on	  the	  WM	  task.	  Previous	  work	  suggested	  that	  the	  hippocampus	  is	  part	  of	  a	  generic	  “retrieval	  success	  network”,	  commonly	  activated	  in	  episodic	  memory	  retrieval	  tasks	  (Buckner	  et	  al.,	  2008;	   Henson	   et	   al.,	   2005;	   Huijbers	   et	   al.,	   2010;	  Wagner	   et	   al.,	   2005).	   The	   fact	   that	   we	   obtained	  hippocampal	   activation	   in	   our	   study	   may	   reflect	   the	   necessity	   of	   actively	   retrieving	   the	   to-­‐be-­‐retained	  information	  in	  this	  rather	  complex	  spatial	  WM	  task,	  thereby	  “mimicking”	  eposidic	  memory	  retrieval	  charcteristics	  (see	  Bergmann,	  in	  revision;	  Chapter	  3,	  for	  a	  more	  detailed	  discussion	  on	  this	  issue).	  In	  addition,	  as	  we	  did	  not	  obtain	  hipopcampal	  activation	  in	  a	  previous	  study	  where	  we	  used	  a	  non-­‐spatial	  associative	  WM	  task	  (Bergmamn	  et	  al.,	  in	  revision),	  hippocampal	  activation	  may	  here	  be	  
	  	  
	  
96	  
related	   to	   the	   strong	   allocentric	   spatial	   component	   of	   the	   employed	   paradigm	   and	   future	   studies	  would	  have	  to	  determine	  the	  exact	  role	  of	   the	  hippocampus	  during	  the	  WM	  probe.	   In	  addition,	  we	  found	   bilateral	   insula	   as	   well	   as	   bilateral	   post-­‐central	   gyrus	   activity	   associated	   with	   a	   correct	  decisoin	  on	   the	  WM	  task	  and	  both	  regios	  are	  not	   typically	  described	  as	  being	  part	  of	   the	   retrieval	  succes	  network.	  However,	  previous	  studies	  found	  remarkably	  similar	  activation	  patterns	  in	  a	  visual	  memory	  task	  during	  retrieval	  (Abe	  et	  al.,	  in	  press).	  
4.2	  LTM	  task	  	  Unfortunately,	   the	   subsequent	   LTM	   effect	   did	   not	   reveal	   any	   differential	   activity	   for	   correct	   vs.	  incorrect	  trials	  for	  any	  of	  the	  four	  stages,	  standing	  in	  stark	  contrast	  to	  a	  number	  of	  previous	  reports	  that	  typically	  find	  encoding-­‐related	  differential	  activity	  (for	  a	  review,	  see	  Kim,	  2011).	  This	  could	  be	  the	  result	  of	  the	  relative	  difficulty	  of	  the	  LTM	  task.	  Not	  only	  did	  some	  participants	  mention	  that	  they	  had	   to	   guess	   rather	   often,	   also	   the	   distribution	   of	   responses	   as	   depicted	   in	   Fig.	   3	   shows	   that	  participants	   had	   some	   trouble	   differentiating	   between	   old	   and	   new	   configurations.	   For	   example,	  when	   taking	  a	   closer	   look	  at	   the	   response	  patterns	   in	  Fig.	  3,	   it	   can	  be	   seen	   that	  participants	  quite	  often	  pressed	   the	   ‘6’	   button	  erroneously	   (i.e.,	   in	   the	   case	  of	   a	  non-­‐match).	  When	   compared	   to	  our	  previous	   study	   (Bergmann	   et	   al.,	   2012)	   participants	   then	   pressed	   this	   button	   in	   only	   1.5%	  of	   the	  non-­‐match	   cases.	   In	   the	   present	   study,	   however,	   this	   proportion	   was	   9.8%.	   In	   addition,	   whereas	  participants	  pressed	  the	  ‘6’	  button	  more	  than	  12	  times	  more	  often	  in	  case	  of	  a	  match	  than	  in	  a	  non-­‐match	  in	  our	  previous	  study,	  this	  factor	  in	  the	  present	  study	  is	  not	  even	  2.	  	  This	  renders	  it	  of	  course	  rather	  difficult	  to	  detect	  differential	  activity	  between	  correct	  vs.	  incorrect	  trials.	  
4.3	  Conclusion	  The	   present	   study	   investigated	   the	   neural	   substrates	   of	   successful	  WM	   and	   LTM	   in	   an	   allocentric	  spatial	  (object-­‐location)	  delayed-­‐match-­‐to-­‐sample	  task.	  Due	  to	  the	  unexpected	  (also	  when	  compared	  to	  previous	  pilot	  data)	  rather	  low	  performance	  on	  the	  LTM	  task,	  no	  differential	  activation	  could	  be	  detected	  for	  the	  LTM	  task.	  Nevertheless,	  the	  logic	  of	  the	  employed	  paradigm	  of	  a	  combined	  WM	  and	  LTM	  task	  appeared	  to	  be	  fruitful	  in	  our	  previous	  two	  studies	  (Bergmann	  et	  al.,	  2012;	  Bergmann	  et	  al.,	  in	  revision)	  and	  future	  studies	  investigating	  the	  neural	  substrates	  of	  successful	  spatial	  WM	  and	  LTM	  may	   need	   to	   attempt	   to	   lower	   the	   difficulty	   of	   the	   LTM	   task	   or	   ensuring	   a	   better	   discriminability	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performance	   of	   the	   participants	   (e.g.,	   by	   using	   a	  more	   fine-­‐grained	   confidence	   interval,	   hopefully	  leading	   to	  better	  discrimination	  scores	  at	   the	  highest	  confidence	  ratings).	  Nonetheless	   the	  present	  study	  yielded	  interesting	  insights	  into	  which	  brain	  regions	  support	  an	  accurate	  WM	  decision	  during	  a	  spatial	  WM	  task,	  correcting	  for	  LTM	  performance.	  We	  found	  additional	  evidence	  for	  the	  proposed	  distinction	  between	  early	  and	  late	  stage	  of	  the	  WM	  maintenance	  phase	  and	  that	  during	  the	  former	  participants	  may	  still	  be	  engaged	  in	  the	  active	  (semantic)	  construction	  of	  an	  internal	  representation.	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Chapter	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Early	  and	  late	  stages	  of	  working-­‐memory	  maintenance	  contribute	  
differentially	  to	  long-­‐term	  memory	  formation	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  M.,	  Fernández,	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  Kessels,	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  Early	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Abstract	  The	  present	  paper	   investigated	   the	   role	  of	   early	  and	   late	   stages	  of	  working-­‐memory	  maintenance,	  which	   have	   been	   suggested	   to	   differentially	   contribute	   to	   long-­‐term	   memory	   formation.	   In	  experiment	  1,	  we	  administered	  a	  delayed-­‐match-­‐to-­‐sample	  task,	  requiring	  participants	  to	  remember	  line	  drawings	  of	  non-­‐sense	   three-­‐dimensional	   stimuli.	   In	   the	  delay	  phase,	  participants	  were	  either	  presented	  with	  a	  fixation	  cross	  (for	  2	  or	  9	  seconds)	  or	  with	  one	  of	  two	  different	  interference	  tasks,	  varying	  in	  visual	  overlap	  with	  the	  target.	  The	  interference	  task	  was	  presented	  1.5,	  4.5	  or	  7.5	  seconds	  after	  target	  offset.	  Early	  interfering	  and	  early	  probing	  disproportionately	  affected	  performance	  on	  an	  unexpected	   subsequent	   recognition-­‐memory	   task	   compared	   to	   later	   interference	   or	   probing.	   This	  was	   not	   modulated	   by	   the	   type	   of	   interference	   task.	   In	   experiment	   2,	   we	   examined	   whether	   the	  formation	  of	  a	  holistic	  internal	  code	  of	  the	  target	  may	  be	  a	  gradual	  process.	  An	  analogous	  delayed-­‐match-­‐to-­‐sample	  task	  was	  administered,	  with	   interference	  after	  0.5,	  2.5	  or	  4.5	  seconds	  after	  target	  offset.	   The	   early	   and	   middle	   interference	   condition	   similarly	   disproportionately	   affected	  performance	   compared	   to	   later	   interference.	   Hence,	   the	   present	   results	   support	   the	   view	   of	   a	  functional	   dissociation	   between	   early	   and	   late	   stages	   of	   working-­‐memory	   maintenance	   and	   that	  early	  working-­‐memory	  processes	  contribute	  particularly	  to	  long-­‐term	  memory	  formation.	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1.	  Introduction	  Working	   memory	   (WM)	   refers	   to	   processes	   enabling	   us	   to	   maintain	   and	   manipulate	   internal	  representations	  of	  relevant	   information	  across	  brief	  periods	  of	  time	  (Curtis	  &	  Lee,	  2010).	  Whereas	  successful	   processing	   in	   WM	   may	   be	   a	   necessary	   prerequisite	   for	   successful	   long-­‐term	   memory	  (LTM)	   formation,	   the	   exact	  mechanism	   of	   processing	   information	   from	   the	   temporary	   short-­‐term	  maintenance	  into	  a	  more	  stable	  LTM	  store	  is	  still	  largely	  unknown.	  Although	  some	  researchers	  argue	  that	  WM	  and	  LTM	  are	  functionally	  and	  neurally	  largely	  independent	  (Baddeley	  &	  Warrington,	  1970;	  Craik,	   2002;	   Craik	   &	   Lockhart,	   1972;	   Shallice	   &	   Warrington,	   1970),	   others	   suggest	   that	   WM	  processes	  critically	  contribute	  to	  successful	  LTM	  formation	  (Atkinson	  &	  Shiffrin,	  1968;	  Hebb,	  1949;	  however,	  see	  Baddeley,	  2000,	  for	  an	  updated	  version	  of	  his	  account	  where	  WM	  and	  LTM	  functionally	  interact	  with	  each	  other).	  Traditionally	   investigated	   separately,	   the	   interaction	   between	   WM	   processes	   and	   LTM	  formation	  has	  been	   studied	  only	   recently	   in	   a	  number	  of	  patient	   studies	   (van	  Geldorp,	  Bergmann,	  Robertson,	  Wester,	  &	  Kessels,	  2012;	  van	  Geldorp,	  Kessels,	  &	  Hendriks,	  in	  press),	  electrophysiological	  (Axmacher,	   Elger,	   et	   al.,	   2009;	   Axmacher,	   Lenz,	   et	   al.,	   2010;	   Fell	   et	   al.,	   2011;	   Khader	   et	   al.,	   2010;	  Khader	  et	   al.,	   2007)	  and	  neuroimaging	  work	   (Bergmann	  et	  al.,	   2012;	  Oztekin,	  Davachi,	  &	  McElree,	  2010).	   The	   core	   of	   the	   studies	   on	   WM-­‐LTM-­‐interaction	   is	   that	   there	   are	   various	   neural	   and	  electrophysiological	   signatures	   during	   different	   stages	   of	   a	   WM	   task	   that	   appear	   critical	   for	  successful	   LTM	   formation.	   These	   different	   WM	   stages	   typically	   involve	   a	   learning	   (or	   encoding)	  phase,	  a	  maintenance	  phase,	  and	  a	  test	  (or	  probe)	  phase	  and	  each	  stage	  may	  differentially	  contribute	  to	  successful	  LTM	  formation	  (in	  addition,	  it	  as	  also	  been	  found	  that	  pre-­‐stimulus	  activity	  can	  predict	  subsequent	   LTM	   performance	   (Fell	   et	   al.,	   2011;	   Park	   &	   Rugg,	   2010).	   For	   instance,	   during	   the	  encoding	   phase,	   attentional	   processes,	   but	   also	   advanced	   visuo-­‐perceptual	   processing	   as	   well	   as	  binding	  mechanisms	   seem	   to	  be	   crucial	   if	  memories	   are	   to	  be	   transformed	   into	  LTM	  (Kim,	  2011).	  The	   maintenance	   phase,	   in	   contrast,	   has	   been	   proposed	   to	   consist	   of	   (at	   least)	   two	   qualitatively	  different	   stages,	   which	   differentially	   contribute	   to	   LTM	   formation	   (Craik,	   2002;	   Craik	   &	  Watkins,	  1973).	  In	  the	  early	  stage,	  a	  perceptual	  representation	  is	  thought	  to	  be	  transformed	  into	  an	  internal	  code.	  The	  late	  stage	  consists	  of	  the	  maintenance	  of	  the	  to-­‐be-­‐remembered	  material	  without	  external	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stimulation.	  Whereas	  the	  early	  stage	  appears	  to	  be	  effortful	  and	  resource-­‐demanding,	  the	  late	  stage	  is	  thought	  to	  be	  automatic	  in	  nature	  (Naveh-­‐Benjamin	  &	  Jonides,	  1984).	  Particularly	  the	  early	  stage	  has	  been	  proposed	  to	  be	  of	  critical	  importance	  for	  the	  formation	  of	  episodic	  memories,	  possibly	  due	  to	  its	  active	  and	  more	  effortful	  nature.	  Electrophysiological	   evidence	   for	   the	   functional	   segregation	  of	   an	  early	   and	  a	   late	   stage	  of	  the	  maintenance	  phase	  was	  provided	  by	  Khader	  et	  al.	  (2010;	  2007)	  who	  demonstrated	  that	  stronger	  alpha	  power	  over	  occipital-­‐to-­‐parietal	  scalp	  sites	  and	  stronger	  theta	  power	  over	  parietal-­‐to-­‐central	  scalp	   electrodes	   could	  predict	   subsequent	  memory	   for	   the	   stimuli.	  These	   effects	  were	  particularly	  pronounced	  for	  the	  early	  phase	  of	  the	  delay	  period,	  i.e.,	  3	  to	  4	  seconds	  after	  stimulus	  presentation.	  In	  addition,	   it	   has	   been	   found	   that	   top-­‐down	   control	   processes	   in	   an	   early	   stage	   of	   the	  maintenance	  phase	  is	  associated	  with	  improved	  LTM	  performance,	  whereas	  top-­‐down	  modulation	  in	  a	  later	  phase	  of	  the	  retention	  interval	  does	  not	  seem	  to	  improve	  LTM	  performance	  (Kuo,	  Yeh,	  Chen,	  &	  D'Esposito,	  2011;	   Ruff,	   Kristjansson,	   &	   Driver,	   2007;	   Sergent,	   Ruff,	   Barbot,	   Driver,	   &	   Rees,	   2011;	   for	  contradicting	  results	  see	  however	  Nobre	  et	  al.,	  2004;	  Nobre,	  Griffin,	  &	  Rao,	  2007).	  Ranganath,	   Cohen	   and	   Brozinsky	   (2005)	   provided	   additional	   behavioural	   and	  neuroscientific	  evidence	  for	  a	  functional	  dissociation	  of	  the	  two	  proposed	  maintenance	  stages.	  In	  a	  behavioural	  experiment,	  participants	  performed	  a	  delayed-­‐match-­‐to	  sample	  task	  (i.e.,	  WM	  task).	  At	  the	  beginning	  of	  each	   trial,	   a	   line	  drawing	  of	  a	  non-­‐sense	   three-­‐dimensional	   target	  was	  presented,	  which	  the	  participants	  were	  asked	  to	  remember	  over	  a	  9	  s	  delay	  period.	  This	  delay	  phase	  consistent	  of	  either	  a	  silent	  delay	  with	  only	  a	  fixation	  cross	  being	  presented	  or	  the	  delay	  phase	  was	  filled	  with	  an	  interference	  task	  (counting	  overlapping	  lines),	  starting	  either	  1,	  4	  or	  7	  seconds	  after	  target	  offset.	  Subsequently,	  a	  probe	  was	  presented	  and	  participants	  were	  asked	  to	  make	  an	  old	  /	  new	  judgement.	  Following	   this	   task,	   an	   unexpected	   subsequent	   recognition	   memory	   task	   (LTM	   task)	   was	  administered.	  Results	  showed	  that	  only	  interfering	  during	  the	  early	  stage	  of	  WM	  maintenance	  (i.e.,	  1	  second	  after	  target	  offset)	  resulted	  in	  a	  lower	  performance	  on	  the	  subsequent	  recognition-­‐memory	  task	   as	   compared	   to	   the	   non-­‐interference	   condition,	   whereas	   interference	   at	   later	   stages	   did	   not	  seem	  to	  affect	  LTM	  performance	  relative	  to	  the	  non-­‐interference	  condition.	  In	  a	  second	  experiment,	  an	   fMRI	  experiment,	  Ranganath	  et	  al.	   (2005)	  also	  provided	  neural	  evidence	   for	   the	  dissociation	  of	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the	   two	  proposed	  stages.	  A	  similar	  delayed-­‐match-­‐to-­‐sample	  (without	   the	   interference	  conditions)	  and	   subsequent	   recognition	  memory	   task	  were	   administered.	   The	   authors	   reported	   that	   different	  brain	   regions	  were	  predictive	  of	   successful	  LTM	   formation	  during	  either	   the	  early	  or	   late	   stage	  of	  WM	   maintenance:	   Activity	   in	   the	   left	   dorsolateral	   prefrontal	   cortex	   and	   the	   left	   posterior	  hippocampus	   during	   the	   initial	   stage	   of	   WM	   maintenance	   was	   found	   to	   predict	   successful	   LTM	  formation.	  In	  contrast,	  activation	  in	  the	  posterior	  parietal	  cortex	  as	  well	  as	  occipital	  areas	  predicted	  subsequent	  LTM	  performance	  during	  the	  late	  stage	  of	  WM	  maintenance.	  While	  the	  latter	  activations	  may	  reflect	   “passive”	  persistent	  activity	   in	   the	  early	  visual	  association	  areas	   (Gisiger,	  Kerszberg,	  &	  Changeux,	  2005;	  Hebb,	  1949),	  the	  hippocampal	  and	  dorsolateral	  prefrontal	  activity	  during	  the	  early	  stage	  was	   interpreted	   as	   reflecting	   an	   active,	   dynamic	   reconstruction	   of	   novel	   information	   in	  WM	  (Ranganath	  et	  al.,	  2005).	  	  However,	  even	  though	  Ranganath	  et	  al.	  (2005)	  found	  additional	  evidence	  for	  the	  functional	  dissociation	   between	   the	   early	   and	   late	   stage	   of	   the	  maintenance	   stage	   as	  well	   as	   the	   interaction	  between	  WM	  maintenance	  processes	  and	  LTM	  formation,	  several	  questions	  remained	  open	  that	  will	  be	  addressed	  in	  the	  present	  paper.	  First,	   it	  was	  not	  clear	  whether	   the	  disruptive	  effect	  of	   the	  early	   interference	  condition	  was	  due	   to	   the	   interference	   stimulus	   and	   the	   associated	   competition	   of	   cognitive	   as	   well	   as	   neuronal	  resources	  with	   the	   to-­‐be-­‐learned	   target.	   Alternatively,	   it	  might	   have	   been	   the	   result	   of	   the	   lack	   of	  time	  that	  typically	  is	  required	  to	  form	  a	  ‘holistic’	  internal	  object	  representation	  of	  the	  to-­‐be-­‐learned	  material	   and	  which	  has	  been	   found	   to	  be	  dependent	  upon	   the	   expertise	   of	   the	  perceiver	  with	   the	  stimuli	  at	  hand	  (Curby	  &	  Gauthier,	  2007;	  Tanaka	  &	  Curran,	  2001).	   In	  the	  first	  case,	  any	  interfering	  stimulus	   could	   affect	   the	   formation	   of	   a	   stable	   internal	   object	   representation,	   as	   long	   as	   it	   is	  resource-­‐demanding	  to	  a	  certain	  extent	  and,	  possibly,	  shows	  a	  certain	  degree	  of	  overlap	  with	  the	  to-­‐be-­‐remembered	   target.	   In	   the	   latter	   case,	   the	   “lack-­‐of-­‐time”	   hypothesis,	   the	   disruptive	   effect	   on	  successful	  LTM	  formation	  during	  the	  early	  stage	  of	  WM	  maintenance	  may	  be	  instantiated	  whenever	  there	  is	  not	  enough	  time	  to	  create	  an	  internal	  representation.	  This	  can	  be	  examined	  by,	  for	  instance,	  shortening	  the	  delay	  phase	  and	  probing	  within	  the	  “early	  stage”	  of	  WM	  maintenance.	  Therefore,	  we	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implemented	   an	   “early	   probe”	   condition,	   hypothesizing	   that	   this	   disproportionately	   affects	   LTM	  formation,	  just	  like	  the	  early	  interference	  condition	  does.	  Second,	  Ranganath	  et	  al.	  (2005)	  noted	  that	  it	  is	  remarkable	  that	  the	  moment	  of	  interference	  differentially	   disrupted	   LTM	   performance,	   but	   that	   the	   interference	   conditions	   did	   not	   affect	  performance	  on	  the	  WM	  task	  compared	  to	  the	  non-­‐interference	  condition	  (however,	  a	  response	  time	  effect	  has	  been	  reported	  with	  higher	  response	  times	  for	  the	  late	  interference	  condition).	  It	  has	  been	  suggested	   that	   the	   to-­‐be-­‐remembered	   target	   first	   resides	   in	   the	   focus	  of	  attention	  before	   it	   can	  be	  stored	   in	   LTM	   (Cowan,	   1988,	   1999,	   2005;	   Oberauer,	   2002;	   Ruchkin	   et	   al.,	   2003).	   Forgetting	  may	  occur	  when	  items	  are	  not	  in	  the	  focus	  of	  attention	  any	  more	  and	  must	  compete	  with	  other	  items	  to	  regain	   the	   focus.	   Moreover,	   it	   has	   been	   suggested	   that	   items	   from	   different	   modalities	   (verbal,	  spatial,	  motor)	   are	   stored	   in	   the	   cortical	   region	  where	   they	   are	   initially	   perceived	   and	   processed	  (e.g.,	   Awh	   &	   Jonides,	   2001;	   Barsalou,	   1999;	   D'Esposito,	   2007;	   Damasio,	   1989;	   Postle,	   2006;	   see	  reviews	  concerning	  the	  reactivation	  account	  by	  Barsalou,	  2008;	  Danker	  &	  Anderson,	  2010;	  Manning,	  Polyn,	   Baltuch,	   Litt,	   &	   Kahana,	   2011;	   Norman	  &	  O'Reilly,	   2003;	   Rugg,	   Johnson,	   Park,	   &	   Uncapher,	  2008).	   Therefore,	   it	   is	   hypothesized	   that	   a	   stimulus	   showing	   greater	   overlap	   with	   the	   to-­‐be-­‐remembered-­‐target	   will	   compete	   more	   with	   this	   interfering	   stimulus	   for	   storage	   than	   a	   less	  overlapping	   interference	   stimulus	   that	   is	   assumed	   to	   be	   processed	   in	   a	   distinct	   cortical	   region.	  Hence,	  we	  implemented	  two	  different	  interference	  tasks	  consisting	  of	  stimuli	  visually	  either	  hardly	  overlapping	   with	   the	   to-­‐be-­‐remembered	   target,	   i.e.	   the	   line-­‐counting	   task	   that	   was	   used	   by	  Ranganath	  et	  al.	  (2005),	  or	  stimuli	  with	  greater	  visual	  overlap,	  i.e.	  regular	  three-­‐dimensional	  stimuli	  that	  were	  to	  be	  named.	  Two	  outcomes	  are	  possible:	  The	  larger	  overlap	  between	  stimuli	  might	  cause	  greater	   interference,	   especially	   during	   the	   early	   stage	   of	   the	   maintenance	   phase	   and,	   hence,	   an	  interaction	   between	   the	   moment	   of	   interference	   and	   the	   type	   of	   interference	   task	   should	   be	  observed.	  Alternatively,	  one	  might	  argue	  that	  the	  differential	  effect	  of	  the	  moment	  of	  interference	  is	  primarily	  due	  to	  the	  lack	  of	  time	  to	  form	  an	  internal	  representation	  and	  may	  be	  independent	  of	  the	  format	   of	   the	   interference	   task.	   In	   this	   case,	   any	   interference	   task,	   as	   long	   as	   it	   is	   resource-­‐demanding	  to	  some	  extent	  may	  be	  able	  to	  capture	  the	  cross-­‐modal	  focus	  of	  attention	  and	  might	  then	  interfere	  with	  task	  performance	  (Cowan,	  1999).	  
	  	  
	  
105	  
A	   third	   and	   last	   adaptation	   concerned	   the	   time	   course	   and	   the	   operationalization	   of	   the	  “early	  stage”	  of	  WM	  maintenance.	  Ranganath	  et	  al.	  (2005)	  used	  different	  operationalizations	  for	  the	  “early	  stage”	  of	  WM	  maintenance	  in	  the	  two	  conducted	  studies.	  In	  their	  fMRI	  experiment,	  the	  early-­‐delay	   regressor	   was	   timed	   2	   seconds	   after	   target	   offset;	   in	   the	   behavioural	   experiment	   the	   early	  interference	   condition	  began	  1	   second	  after	   target	  offset.	   In	  our	   experiment,	   the	   interference	   task	  began	  1.5	  seconds	  after	  target	  offset.	  	  
2.	  Experiment	  1	  
2.1.	  Methods	  2.1.1	  Participants	  Forty-­‐nine	  students	  from	  Radboud	  University	  Nijmegen	  participated	  in	  the	  experiment	  (10	  males,	  M	  =	  21.53	  years,	  SD	  =	  2.99,	  range	  =	  18-­‐33	  years).	  Participants	  were	  randomly	  assigned	  to	  one	  of	   the	  two	   interference	   task	   conditions.	   The	   participants	   were	   rewarded	   for	   participation	   with	   course	  credit	  points	  or	  7.50	  Euros.	  	  2.1.2	  Material	  and	  procedure:	  the	  delayed-­‐match-­‐to-­‐sample	  task	  At	   the	   beginning	   of	   each	   trial	   of	   the	   delayed-­‐match-­‐to-­‐sample	   task,	   a	   line	   drawing	   of	   a	   three-­‐dimensional	   difficult	   to	   verbalize	   target	   was	   presented	   for	   1.5	   s.	   Participants	   were	   instructed	   to	  remember	  the	  target.	  The	  identical	  targets	  as	  those	  used	  by	  Ranganath	  et	  al.	  (2005)	  which	  have	  been	  employed	  in	  previous	  studies	  as	  well	  (Schacter	  &	  Cooper,	  1993;	  Schacter,	  Cooper,	  &	  Delaney,	  1990;	  Schacter,	   Cooper,	   &	   Valdiserri,	   1992;	   Williams	   &	   Tarr,	   1997,	   1999)	   were	   employed.	   A	   detailed	  description	   of	   the	   stimuli	   can	   be	   found	   in	   Williams	   and	   Tarr	   (1997).	   The	   encoding	   phase	   was	  followed	  by	  a	  delay	  phase	  with	  a	  duration	  of	  2	  or	  9	  s.	  This	  delay	  was	  either	  unfilled	  (silent	  delay)	  or	  filled	  with	  one	  of	  two	  variants	  of	  an	  interference	  task.	  In	  the	  case	  of	  a	  silent	  delay	  a	  fixation	  cross	  was	  shown	  for	  either	  2	  s	  (short	  silent	  delay	  condition)	  or	  9	  s	  (long	  silent	  delay	  condition).	  In	  case	  of	  an	  interference	  condition,	  the	  interfering	  task	  was	  presented	  at	  one	  of	  three	  possible	  time	  points	  after	  target	  offset,	  namely	  1.5,	  4.5	  or	  7.5	  s	  thereafter.	  However,	  the	  total	  length	  of	  the	  delay	  interval	  was	  the	   same	   for	   the	   three	   interference	   conditions	   and	   the	   long	   silent	   delay	   condition	   (9	   seconds)	   to	  match	   the	   length	   of	   the	   delay	   interval,	   following	   the	   interference	   stimulus.	   The	   stimuli	   for	   the	  interfering	   task	   were	   shown	   for	   1	   s	   and	   consisted	   of	   either	   overlapping	   lines	   which	   participants	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were	   asked	   to	   count,	   or	   drawings	   of	   regular	   three-­‐dimensional	   objects	   which	   participants	   were	  asked	   to	  name.	  Participants	  were	   instructed	   to	  overtly	  give	   their	  answers	   to	  enhance	   interference	  effects	   and	   to	   ensure	   that	   they	   were	   busy	   with	   the	   task.	   A	   microphone	   was	   placed	   next	   to	   the	  participants	  who	  were	  told	  that	  it	  would	  record	  the	  answers	  (however,	  no	  answers	  were	  recorded).	  The	   interference	   tasks	   were	   always	   preceded	   by	   a	   cue	   that	   informed	   the	   participants	   that	   an	  interference	   tasks	   was	   to	   follow.	   The	   delay	   phase	   was	   followed	   by	   a	   probe	   that	   consisted	   of	   a	  centrally	  depicted	   stimulus	  which	   could	  either	  match	   the	   target	  of	   that	   trial	   or	  be	   a	  new	  stimulus	  (foil).	  Participants	  were	  asked	  to	  give	  an	  old	  (match)	  or	  new	  (foil)	  rating	  of	  the	  probe	  by	  pressing	  a	  ‘yes’	  or	  ‘no’	  button	  on	  the	  keyboard	  of	  the	  computer.	  In	  total,	  75	  trials	  were	  administered.	  Each	  of	  the	  five	  conditions	  (short	  silent	  delay,	   long	  silent	  delay	  early-­‐,	  middle-­‐,	   late-­‐	   interference,)	  occurred	  15	  times	   (8	   matches,	   7	   foils).	   The	   task	   was	   subdivided	   into	   5	   blocks	   of	   15	   trials	   each.	   Between	   the	  blocks	   subjects	   were	   allowed	   to	   take	   a	   self-­‐paced	   break.	   The	   order	   of	   the	   five	   conditions	   was	  randomized	   between	   and	   within	   blocks.	   The	   difference	   between	   hit	   rate	   –	   false	   alarm	   rate	   per	  condition	   served	  as	  dependent	  variable	  and	  was	  not	   transformed	   to	  d’	  because	  many	  participants	  performed	   on	   ceiling	   (having	   no	   misses	   and/or	   no	   false	   alarms).	   Hence,	   d’	   prime	   would	   not	   be	  defined	  in	  these	  cases	  and	  we	  aimed	  to	  avoid	  multiple	  corrections.	  Preceding	  the	  actual	  experiment,	  subjects	  received	  written	  instructions	  and	  three	  practice	  trials	  of	  the	  delayed-­‐match-­‐to-­‐sample	  task	  in	  order	  to	  get	  familiarized	  with	  the	  task.	  Figure	  1A	  shows	  a	  schematic	  representation	  of	  one	  trial	  of	  the	  delayed-­‐match-­‐to-­‐sample	  task.	  2.1.3	  Material	  and	  procedure:	  the	  subsequent	  recognition	  memory	  task	  The	  second	  part	  of	  the	  experiment	  consisted	  of	  an	  unexpected	  subsequent	  recognition	  memory	  task,	  administered	   immediately	   after	   completion	   of	   the	   delayed-­‐match-­‐to-­‐sample	   task.	   In	   each	   trial	   a	  three-­‐dimensional	  stimulus	  was	  depicted	  at	  the	  centre	  of	  the	  screen.	  Subjects	  were	  asked	  to	  make	  a	  recognition	   confidence	   judgment	   on	   a	   scale	   ranging	   from	   1	   (definitely	   not	   seen)	   to	   6	   (definitely	  seen);	   the	  confidence	  scale	  was	  depicted	  below	  the	  target	   throughout	   the	  task.	  All	  75	  stimuli	   from	  the	  delayed-­‐match-­‐to-­‐sample	  were	  presented	  again,	  together	  with	  45	  foils,	  subdivided	  into	  8	  blocks.	  Stimuli	  were	  administered	  in	  random	  order.	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Fig	  1.	  Schematic	  overview	  of	  one	  trial	  of	  the	  delayed-­‐match-­‐to-­‐sample	  task	  of	  experiment	  1.	  The	  presentation	  of	  the	  target	  (encoding	  phase)	  was	  followed	  by	  a	  delay	  phase	  of	  2	  or	  9	  seconds.	   This	   delay	   phase	   was	   either	   unfilled	   (a	   fixation	   cross	   was	   shown	   for	   2	   or	   9	  seconds)	  or	  filled	  with	  one	  out	  of	  two	  interference	  tasks,	  presented	  1.5,	  4.5	  or	  7.5	  seconds	  after	  target	  offset.	  The	  delay	  phase	  was	  followed	  by	  a	  probe	  where	  participants	  were	  asked	  to	  give	  an	  old	  (match)	  or	  new	  (foil)	  rating	  of	  the	  probe.	  Only	   those	   stimuli	   that	   were	   not	   probed	   during	   the	   delayed-­‐match-­‐to-­‐sample	   task	   were	  considered	  when	  calculating	   individual	  proportion	  correct	   scores	   for	   the	   five	   conditions.	  This	  was	  done	  because,	  on	  these	  matching	  trials,	  participants	  could	  refresh	  a	  mental	  representation	  of	  the	  cue	  stimulus.	  As	  this	  would	  defeat	  the	  purpose	  of	  interfering	  with	  WM	  maintenance	  for	  the	  interference	  conditions,	  analyses	  focused	  on	  non-­‐matching	  stimuli	  only.	  Please	  note,	  that	  we	  did	  not	  compute	  the	  difference	  between	  hit	  rate	  and	  false	  alarm	  rate	  for	  this	  task,	  because	  foils	  could	  not	  be	  specific	  to	  one	  particular	  condition	  and	  thus	  there	  would	  be	  only	  one	  single	  general	  false	  alarm	  rate	  across	  all	  conditions.	  Consequently,	  subtracting	  a	  constant	  term	  from	   all	   scores	   would	   result	   in	   exactly	   the	   same	   outcome	   in	   the	   analyses	   of	   variance.	   Hence,	   we	  chose	  to	  use	  the	  same	  outcome	  measure	  as	  Ranganath	  et	  al.	  (2005)	  did.	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2.2	  Results	  2.2.1	  Delayed-­‐match-­‐to-­‐sample	  task	  A	  2	   (interference	   task:	   lines	  vs.	   figures)	  by	  5	   (Latency:	   short	  delay,	   long	  delay,	   early-­‐,	  middle-­‐	  and	  late	   interference)	   Repeated	   Measures	   analysis	   (Fig.	   2)	   with	   ‘Hit	   minus	   False	   Alarm	   Rate’	   as	  dependent	   variable	   revealed	   neither	   a	  main	   effect	   of	   Interference	   task	   (F	   <	   1)	   nor	   an	   interaction	  effect	  (F(4,44)	  =	  1.74,	  p	  =	  .16,	  ηp²	  =	  .04.	  However,	  the	  main	  effect	  of	  Latency	  was	  significant	  (F(4,44)	  =	   5.41,	   p	   <	   .0005,	   ηp²	   =	   .14).	   Post-­‐hoc	   t-­‐tests	   demonstrated	   a	   clear	   interference	   effect:	   The	  performance	   on	   the	   delayed-­‐match-­‐to-­‐sample	   task	   for	   the	   two	   silent	   delay	   conditions	   was	  significantly	  better	   than	   in	   the	   three	   interference	  conditions	  (all	  p-­‐values	  ≤.	  01)	  but	  no	  differences	  between	  the	  silent	  delay	  conditions	  nor	  between	  the	  three	  interference	  condition	  (all	  t’s	  <	  1).	  
	  
Fig	  2.	  Performance	  on	  the	  delayed-­‐match-­‐to-­‐sample	   task	  of	  experiment	  1,	  across	   the	   two	  conditions.	   The	   mean	   percentage	   correct	   answers	   (+/-­‐	   SEM)	   for	   each	   condition	   (early-­‐,	  middle-­‐,	   late	   interference,	   no	   interference)	   are	   shown.	   Performance	   on	   each	   of	   the	   two	  non-­‐interference	  conditions	  was	  higher	   than	   in	  each	  of	   the	   three	   interference	  conditions.	  Other	  comparisons	  did	  not	  yield	  significant	  differences.	  *	  p	  <	  .05.	  2.2.2	  Subsequent	  recognition	  memory	  task	  Figure	   3	   shows	   the	   distribution	   of	   average	   response	   proportions	   in	   the	   subsequent	   recognition	  memory	  task,	  with	  the	  confidence	  scale	  ranging	  from	  1	  to	  6.	  A	  two	  (stimulus	  type:	  old	  or	  new)	  by	  6	  (6	  confidence	  levels	  for	  each	  rating,	  old	  or	  new)	  repeated	  measures	  ANOVA	  showed	  an	  interaction	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between	  stimulus	  type	  and	  confidence	  rating,	  F(5,44)	  =	  49.41,	  p	  <	  .0005.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	   showed	  a	   significantly	   lower	  proportion	  of	   responses	   for	  old	   items	   relative	   to	  new	   items	   for	  confidence	   rating	   scales	   1	   to	   3	   (all	  p-­‐values	   <	   0.0005).	   In	   contrast,	   post-­‐hoc	   paired-­‐sample	   t-­‐tests	  showed	   a	   significantly	   higher	   proportion	   of	   rating	   for	   old	   items	   in	   comparison	   to	   new	   items	   for	  confidence	  rating	  scales	  5	  and	  6	  (all	  p-­‐values	  <	  0.0005).	  These	  results	  demonstrate	  that	  participants	  could	  successfully	  discriminate	  between	  old	  and	  new	  items	  at	  all	  confidence	  levels	  except	  of	  level	  4.	  Hence,	  5	  and	  6	  correct	  ratings	  were	  classified	  as	  “hits”,	  and	  1,	  2	  and	  3	  incorrect	  ratings	  as	  “misses”.	  	  
	  
Fig.	   3.	   Distributions	   of	   mean	   hit	   and	   false	   alarm	   rates:	   Mean	   (±SEM)	   proportions	   of	  responses	   are	   depicted	   on	   the	   y-­‐axis	   and	   confidence	   ratings	   (‘1’:	   definitely	   new;	   ‘6’:	  definitely	  old)	  on	  the	  x-­‐axis.	  ***	  p	  <	  .0005.	  To	   examine	   the	   effect	   of	   the	  moment	   of	   interference	   during	   the	   delayed-­‐match-­‐to-­‐sample	  task	   on	   LTM	   performance,	   a	   repeated	   Measures	   ANOVA	   with	   the	   proportion	   of	   trials	   correctly	  recognized	   (‘hit	   rate’;	   matches	   correctly	   endorsed	   as	   being	   intact	   with	   a	   ‘5’	   or	   ‘6’	   rating)	   as	  dependent	  variable	  and	  Interference	  task	  (lines	  vs.	  figures)	  as	  between-­‐subjects	  factor	  and	  Latency	  (short	   silent	   delay,	   long	   silent	   delay,	   early-­‐,	   middle-­‐	   and	   late	   interference	   task)	   as	   within-­‐subject	  factor	  was	  conducted.	  This	  analysis	  did	  neither	  yield	  a	  main	  effect	  of	  Interference	  task	  (F	  <	  1)	  nor	  a	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main	   effect	   of	   Latency	   (F(4,	   44)	   =	   1.29,	   p	   =	   .29,	   ηp²	   =	   .11).	   Moreover,	   no	   interaction	   between	  Interference	  task	  ×	  Latency	  (F	  <	  1)	  was	  observed	  (see	  Fig.	  4,	  light-­‐grey	  bars).	  	  Examining	   exclusively	   those	   trials	   in	   which	   the	   target	   was	   recognized	   with	   highest	  confidence	  (‘6’	  responses)	  did	  not	  reveal	  an	   interaction	  effect	  between	  Interference	  task	  x	  Latency	  (F(4,	  44)	  =	  1.15,	  p	  =	  .35)	  either.	  In	  addition,	  this	  analysis	  did	  not	  yield	  a	  main	  effect	  of	  Interference	  task	  (F(1,	  47)	  =	  1.02,	  p	  =	  .32).	  However,	  a	  main	  effect	  of	  Latency	  was	  found	  (F(4,	  45)	  =	  2.98,	  p	  =	  .03,	  ηp²	  =	   .21).	  Post-­‐hoc	   t-­‐tests	  showed	  the	  hypothesized	  pattern:	   In	  general,	  participants’	  performance	  was	  worse	   for	   both	   the	   early	   interference	   condition	   (M	   =	   28.3%)	   and	   short	   delay	   condition	   (M	   =	  29.4%)	  than	  on	  the	  middle	  interference	  (M	  =	  36.7%),	  late	  interference	  (M	  =	  33.5%),	  and	  long	  delay	  condition	   (M	   =	   37.0%),	   respectively	   (all	   p-­‐values	   <	   .05).	   The	   only	   exception	   was	   that	   the	  performance	   on	   the	   short	   delay	   condition	   did	   not	   differ	   significantly	   from	   the	   late	   interference	  condition,	  t(48)	  =	  1.14,	  p	  =	  .26.	  	  
	  
Fig.	   4.	   Performance	   on	   the	   subsequent	   recognition	   memory	   task.	   The	   mean	   percentage	  correct	   answers	   (+/-­‐	   SEM)	   for	   each	   condition	   (early-­‐,	   middle-­‐,	   late	   interference	   or	   no	  interference	   during	   the	   delayed-­‐match-­‐to-­‐sample	   task)	   are	   shown.	   Performance	   on	   the	  short	  non-­‐interference	  and	  the	  early	  interference	  condition	  was	  significantly	  lower	  than	  on	  the	  other	  three	  conditions,	  but	  only	  for	  the	  highest	  confidence	  rating	  (i.e.,	  ‘6’-­‐rating).	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2.3	  Discussion	  Experiment	   1	   supported	   our	   hypothesis:	   disturbing	   the	   early	   stage	   of	  WM	  maintenance	   either	   by	  early	   interfering	  or	  precipitate	  probing	  disproportionately	  affected,	   in	   the	  main,	  LTM	  performance	  compared	   to	   a	   longer	   (silent)	   delay	   or	   later	   interference.	   In	   addition,	   this	   latency	   effect	   was	   not	  qualified	  by	  the	  type	  of	  interference	  task.	  Also,	  we	  did	  not	  find	  a	  main	  effect	  of	  interference	  task	  on	  the	  subsequent	  recognition	  memory	  task.	  Hence,	  these	  results	  are	  in	  line	  with	  the	  notion	  that	  some	  time	   is	   required	   to	   form	   an	   internal	   code	   of	   the	   to-­‐be-­‐remembered	   material	   and	   disrupting	   this	  critical	  period	  may	  disturb	  LTM	  formation.	  Already	  in	  1973	  did	  Craik	  and	  Watkins	  state	  that	  “time	  in	  short-­‐term	  store	  will	  only	  predict	  later	  long-­‐term	  store	  performance	  when	  the	  participant	  has	  used	  the	   time	   to	   encode	   the	   items	   elaboratively”	   (p.	   603;	   italics	   added	   by	   the	   authors).	   Based	   on	   the	  results	  of	  our	   fist	  experiment,	   the	  WM-­‐LTM-­‐transfer	  seemingly	   is	  not	  only	  a	   function	  of	   the	  use	  of	  time	  but	  also	  one	  of	  availability	  of	  time.	  A	  critical	  amount	  of	  time	  seems	  to	  be	  required	  and	  this	  time	  has	   to	   be	   used	   effectively	   in	   order	   to	   form	   a	   stable	   internal	   representation	   of	   what	   has	   to	   be	  remembered	  (see	  also	  Ranganath	  et	  al.,	  2005).	  The	  third	  adaptation	  of	  the	  paradigm,	  i.e.,	  changing	  the	  time	  course	  and	  operationalization	  of	  the	  early	  stage	  of	  WM	  maintenance	  resulted	  in	  interesting	  results.	  On	  the	  on	  hand,	  the	  time	  interval	  between	  target	  offset	  and	  onset	  of	  the	  interference	  task,	  was	  only	  slightly	  increased	  from	  1	  to	  1.5	  s.	  On	  the	  other	  hand,	  participants	  in	  our	  study	  were	  shown	  the	  target	  for	  1.5	  s	  instead	  of	  1	  s.	  Hence,	  if	  one	  argues	   that	  after	   stimulus	  presentation	   there	   is	   still	   some	  more	  elaborate	   (possibly	   semantic)	  encoding	   on-­‐going,	   our	   participants	   had,	   in	   total,	   one	   additional	   second	   to	   encode	   the	   target	   as	  compared	  to	  Ranganath	  et	  al.	  (2005).	  This	  resulted	  in	  much	  smaller	  differences	  between	  the	  “early	  conditions”	  and	  the	  “later	  conditions”	  than	  those	  that	  were	  found	  in	  Ranganath	  et	  al.	  In	  addition,	  we	  obtained	  significant	  results	  for	  the	  LTM	  task	  only	  when	  considering	  the	  highest	  confidence	  ratings,	  in	  contrast	  to	  Ranganath	  et	  al.	  (2005).	  These	  diverging	  results	  may	  be	  explained	  by	  our	  participants	  having	  had	  more	  time	  to	  transform	  the	  target	  into	  an	  internal	  code.	  Consequently,	  one	  should	  expect	  that	   performance	   on	   the	   early	   interference	   condition	   should	   not	   differ	   as	   much	   from	   the	   other	  conditions	  as	  in	  Ranganath	  et	  al.’s	  (2005)	  behavioural	  experiment.	  In	  line	  with	  this	  suggestion,	  our	  participants	  performed,	  across	  all	  conditions,	  slightly	  worse	   than	  those	   in	  Ranganath	  et	  al.	   (2005).	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However,	  the	  performance	  on	  the	  early-­‐interference	  condition	  was	  higher	  than	  in	  their	  experiment	  (group	   mean	   approximately	   8%	   higher).	   This	   may	   explain	   why	   the	   performance	   across	   the	   five	  conditions	  in	  our	  experiment	  does	  not	  show	  large	  differences.	  	  Alternatively,	  one	  may	  argue	  that	  the	  differential	  results	  on	  the	  LTM	  tasks	  may	  be	  due	  to	  the	  fact	  that	  we,	  in	  contrast	  to	  Ranganath	  et	  al.	  (2005),	  found	  also	  different	  results	  on	  the	  WM	  task	  (i.e.,	  an	   interference	   effect).	   This,	   however,	   would	   neither	   explain	   the	   differential	   results	   on	   the	   three	  conditions	   of	   the	   present	   LTM	   task	   nor	   the	   differential	   results	   on	   the	   two	   non-­‐interference	  conditions.	  In	  addition,	  this	  would	  not	  account	  for	  why	  the	  performance	  differences	  in	  our	  study	  are	  smaller	   than	   in	   Ranganath	   et	   al.	   (2005).	   Another	   difference	   between	   our	   and	   Ranganath	   et	   al.’s	  study,	  possibly	  explaining	   inconsistencies	   in	   results,	   is	   the	  existence	  of	   a	  verbal	   cue	  preceding	   the	  interference	  task.	  In	  study	  2,	  we	  therefore	  removed	  this	  cue	  to	  further	  investigate	  this	  issue.	  	  Hence,	   our	   results	  may	   suggest	   a	   gradually	   increasing	   (linear	   or	   exponential)	   relationship	  between	   the	   time	   needed	   to	   form	   an	   internal	   representation	   and	   the	   LTM	   formation.	   This	  would	  argue	  against	  the	  idea	  of	  a	  strict	  distinction	  between	  the	  early	  and	  late	  stage	  of	  WM	  maintenance	  and	  instead	  suggests	  that	  the	  transition	  between	  these	  two	  is	  much	  smoother	  as	  previously	  thought.	  This	  would	  also	  be	   in	   line	  with	   the	  notion	  of	  Craik	  and	  Lockhart	   (1972)	  who	  proposed	   that	   the	  critical	  component	  during	  the	  maintenance	  period	  is	  the	  elaborate	  and	  deep	  processing	  of	  the	  to-­‐be-­‐learned	  material.	  Additional	   time,	  usually	  used	   to	   (automatically)	   rehearse	   the	  material,	  does	  not	   result	   in	  improved	   memory.	   Hence,	   one	   can	   propose	   that	   disturbance	   during	   different	   time	   points	   of	   the	  elaboration	  process	  might	   result	   in	  qualitatively	   and	  quantitatively	  differently	  deep	   and	   elaborate	  mental	  representations	  of	  the	  to-­‐be-­‐encoded	  material.	  This,	  as	  a	  consequence,	  might	  be	  reflected	  in	  differential	   outcomes	   on	   a	   subsequent	   LTM	   task.	   In	   experiment	   2	   we	   further	   investigated	   this	  suggestion.	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3.	  Experiment	  2	  
3.1	  Method	  3.1.1	  Participants	  	  47	  students	  from	  Radboud	  University	  Nijmegen	  participated	  in	  the	  experiment	  (six	  males,	  M	  =	  20.62	  years,	   SD	   =	   2.12,	   range	   =	   18-­‐28	   years).	   None	   of	   the	   participants	   took	   part	   in	   experiment	   1.	   The	  participants	  were	  rewarded	  for	  participation	  with	  course	  credit	  points	  or	  7.50	  Euros.	  	  3.1.2	  Material	  and	  procedure:	  the	  delayed-­‐match-­‐to-­‐sample-­‐task	  The	  experiment	  again	  consisted	  of	  two	  parts.	  Participants	  first	  performed	  a	  similar	  delayed-­‐match-­‐to-­‐sample	  task	  as	  in	  experiment	  1,	  except	  for	  a	  few	  modifications.	  The	  to-­‐be-­‐remembered	  target	  was	  now	  presented	   for	   1	   second,	   as	   has	   been	   done	   by	  Ranganath	   et	   al.	   (2005),	   the	   cue	   preceding	   the	  interference	  task	  was	  removed,	  and	  only	  one	   interference	  task	  was	  used,	  namely	  the	   line	  counting	  task.	  Most	   critically,	   the	   time	   course	   of	   the	   start	   of	   the	   interference	   task	  was	   changed	   in	   order	   to	  specifically	   test	   our	   hypothesis	   concerning	   the	   distinctiveness	   of	   the	   early	   and	   late	   stage	   of	   WM	  maintenance.	   Specifically,	   the	   interference	   task	  was	  presented	  at	  one	  of	   three	  possible	   times	  after	  target	  offset:	  0.5,	  2.5,	  or	  4.5	  s.	  The	  first	  and	  the	  last	  one	  were	  previously	  shown	  to	  differentially	  affect	  LTM	  performance	   (Ranganath	  et	   al.,	   2005).	  The	  middle	  one	   (2.5	   s)	  was	  added	   to	   the	   setup	   to	   test	  whether	  performance	  may	  lie	  intermediate	  the	  other	  two	  conditions.	  We	  hypothesized,	  based	  upon	  an	  account	  which	  does	  not	  emphasise	  qualitatively	  different	  maintenance	  phases,	  a	  gradual	  increase	  in	   the	  LTM-­‐performance	   from	  early	   towards	   late	   interference	  during	  WM	  maintenance.	  Hence,	   the	  performance	  on	  the	  2.5	  s	  (middle)	  condition	  was	  expected	  to	  lie	  in	  between	  the	  0.5	  s	  (early)	  and	  4.5	  s	   (late)	   conditions.	   A	   final	   change	   concerned	   the	   number	   of	   trials,	  which	  was	   increased	   to	   140	   to	  increase	   statistical	   power.	   The	   same	   targets	   as	   those	   used	   by	   Ranganath	   et	   al.	   (2005)	   were	  employed,	  supplemented	  by	  newly	  created,	  but	  visually	  similar	  three-­‐dimensional	  targets	  and	  which	  conform	   to	   the	   criteria	   described	   in	   Williams	   and	   Tarr	   (1997).	   Each	   of	   the	   four	   conditions	   was	  presented	  35	  times	  (15	  matches,	  20	  foils).	  The	  task	  was	  subdivided	  into	  7	  blocks	  of	  20	  trials.	  Again,	  the	  order	  of	  the	  four	  conditions	  (short-­‐,	  middle-­‐,	  late-­‐	  or	  no	  interference)	  was	  randomized	  between	  and	  within	  blocks	  and	  the	  difference	  ‘hit	  rate	  –	  false	  alarm	  rate’	  was	  used	  as	  outcome	  measure.	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Fig.	   5.	   Schematic	   representation	   of	   experiment	   2.	   (a)	   The	   delayed-­‐match-­‐to-­‐sample	   task.	  The	   presentation	   of	   the	   target	   (encoding	   phase)	   was	   followed	   by	   a	   delay	   phase	   of	   6	  seconds,	   either	   unfilled	   or	   filled	   with	   an	   interference	   task.	   The	   interference	   task	   was	  presented	   0.5,	   2,5	   or	   4.5	   seconds	   after	   target	   offset.	   The	   delay	   phase	  was	   followed	   by	   a	  probe,	  participants	  were	  asked	  to	  give	  an	  old	  (match)	  or	  new	  (foil)	  rating	  of	  the	  probe.	  (b)	  The	   unexpected	   subsequent	   recognition	   memory	   task.	   A	   three-­‐dimensional	   target	   was	  presented,	  participants	  were	  asked	  to	  make	  an	  old	  (match)	  or	  new	  (foil)	  rating	  followed	  by	  a	  confidence	  rating	  ranging	  from	  1	  to	  10	  (with	  10	  =	  absolutely	  sure	  of	  the	  answer).	  	  3.1.2	  Material	  and	  procedure:	  the	  subsequent	  recognition	  memory	  task	  An	   unexpected	   subsequent	   recognition	   memory	   task	   was	   performed	   after	   completion	   of	   the	  delayed-­‐match-­‐to-­‐sample	  task.	  The	  design	  of	  the	  task	  was	  slightly	  modified	  compared	  to	  experiment	  1.	  In	  experiment	  1,	  we	  obtained	  preliminary	  evidence	  that	  the	  confidence	  ratings	  may	  be	  important	  for	  the	  differential	  effect	  of	  early	  and	  late	  stage	  of	  WM	  maintenance.	  In	  order	  to	  investigate	  this	  issue	  in	   more	   detail,	   a	   more	   fine-­‐grained	   confidence	   scale	   was	   used,	   consisting	   of	   20	   instead	   of	   6	  categories.	   During	   the	   probe	   phase,	   participants	   first	   were	   asked	   to	   give	   an	   old	   /	   new	   rating	   by	  pressing	  the	  “old”	  or	  “new”	  button	  on	  the	  keyboard,	  respectively.	  Subsequently,	  a	  confidence	  scale	  appeared	   at	   the	   lower	   part	   of	   the	   screen	   where	   participants	   were	   to	   give	   a	   judgment	   of	   their	  confidence	  on	  a	  scale	  ranging	  from	  1	  (very	  insecure	  of	  the	  answer)	  to	  10	  (very	  sure	  of	  the	  answer;	  see	   Fig.	   5).	   The	   ratings	   were	   then	   classified	   from	   -­‐10	   (sure	   no)	   to	   +10	   (sure	   yes).	   Seven	   blocks,	  consisting	   of	   20	   trials	   each,	   were	   administered	   in	   random	   order.	   The	   stimuli	   used	   in	   this	   task	  
A) B) 
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corresponded	  to	  the	  80	  targets	  followed	  by	  a	  foil	  in	  the	  delayed-­‐match-­‐to-­‐sample	  task	  as	  well	  as	  60	  new,	  i.e.,	  not	  previously	  presented	  stimuli.	  For	  similar	  reasons	  as	  in	  study	  1	  (refreshing	  of	  the	  to-­‐be-­‐remembered	   cue	   and	   thereby	   defeating	   the	   purpose	   of	   interference),	   the	  matching	   probes	   of	   the	  delayed-­‐match-­‐to-­‐sample	  task	  were	  this	  time	  not	  probed	  during	  this	  task	  at	  all.	  
3.2	  Results	  3.2.1	  Delayed-­‐match-­‐to-­‐sample	  task	  To	   examine	   the	   moment	   of	   interference	   effect	   on	   the	   delayed-­‐match-­‐to-­‐sample	   task,	   a	   Repeated	  Measures	   analysis	   of	   variance	   was	   conducted	   with	   Latency	   (no	   interference,	   early-­‐,	   middle,	   late	  interference)	  as	  within-­‐subjects	   factor	   ‘Hit	  minus	  False	  Alarm	  Rate’	  as	  dependent	  variable	  (Fig.	  6).	  This	  revealed	  a	  main	  effect	  of	  Latency,	  F(3,44)	  =	  15.89,	  p	  <	  .0005,	  ηp²	  =	  .52.	  Post-­‐hoc	  t-­‐tests	  showed	  a	  clear	   interference	   effect.	   The	   mean	   performance	   on	   the	   silent	   delay	   condition	   was	   higher	   in	  comparison	  with	  each	  of	  the	  three	  interference	  conditions	  (all	  three	  p-­‐values	  <	  .0005).	  Moreover,	  no	  differences	  in	  performance	  were	  found	  between	  the	  three	  interference	  conditions	  (all	  three	  t-­‐values	  <	  1).	  	  
	  
Fig	   6.	   Performance	   on	   the	   delayed-­‐match-­‐to-­‐sample	   task	   of	   experiment	   2.	   The	   mean	  percentage	  correct	  answers	  (+/-­‐	  SEM)	  for	  each	  condition	  (early-­‐,	  middle-­‐,	  late	  interference,	  no	  interference)	  are	  shown.	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3.2.2	  Subsequent	  recognition	  memory	  task	  Figure	  7	  shows	  the	  distribution	  of	  response	  proportions	  in	  the	  subsequent	  recognition	  memory	  task,	  with	   the	   confidence	   scale	   ranging	   from	   -­‐10	   to	   +10.	   A	   two	   (stimulus	   type:	   old	   or	   new)	   by	   20	   (ten	  confidence	   levels	   for	   each	   rating,	   old	   or	   new)	   repeated	   measures	   ANOVA	   showed	   an	   interaction	  between	  stimulus	  type	  and	  confidence	  rating,	  F(19,28)	  =	  8.89,	  p	  <	  .0005.	  Post-­‐hoc	  paired-­‐sample	  t-­‐tests	   showed	   a	   significantly	   lower	   proportion	   of	   rating	   for	   old	   items	   relative	   to	   new	   items	   for	  confidence	  rating	  scales	  -­‐4	  to	  -­‐9	  (all	  p-­‐values	  <	  0.05);	  the	  difference	  on	  the	  -­‐10	  rating	  just	   failed	  to	  reach	   significance	   significant	   (t(46)	   =	   1.97,	   p	   =	   .054).	   In	   contrast,	   post-­‐hoc	   paired-­‐sample	   t-­‐tests	  showed	   a	   significantly	   higher	   proportion	   of	   rating	   for	   old	   items	   in	   comparison	   to	   new	   items	   for	  confidence	  rating	  scales	  3	  (p	  =	  .01)	  and	  7-­‐10	  (all	  p-­‐values	  <	  0.01).	  Participants	  showed	  no	  successful	  discrimination	  between	  old	  and	  new	  stimuli	   for	   confidence	   levels	  4	   to	  6.	  As	  a	   result,	  we	  classified	  ‘hits’	  as	  endorsing	  old	  items	  correctly	  as	  ‘old’	  with	  a	  confidence	  rating	  of	  7	  or	  higher.	  	  	  
	  
Fig.	   7.	   Distributions	   of	   mean	   hit	   and	   false	   alarm	   rates:	   Mean	   (±SEM)	   proportions	   of	  responses	   are	   depicted	   on	   the	   y-­‐axis	   and	   confidence	   ratings	   („-­‐10‟:	   definitely	   new;	   „10‟:	  definitely	  old)	  on	  the	  x-­‐axis.	  ***	  p<	  .0005,	  **	  p<	  .01,	  *	  p<	  .05.	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To	  test	  our	  hypothesis	  whether	  there	  is	  a	  gradual	  increase	  in	  LTM	  performance	  from	  early	  to	  late	  interference	  during	  WM	  maintenance,	  a	  Repeated	  Measures	  analysis	  of	  variance	  was	  performed	  with	   Latency	   as	   within	   subjects	   factor	   and	   the	   proportion	   correct	   score	   on	   the	   LTM	   task	   as	  dependent	  variable	  (Fig.	  8).	  A	  main	  effect	  of	  Latency	  was	  obtained,	  F(3,44)	  =	  3.26,	  p	  =	  .03	  ηp²	  =.18.	  Post-­‐hoc	   t-­‐tests	   showed	   no	   significant	   difference	   between	   the	   early	   and	   middle	   interference	  condition	   (t	   <	   1).	   However,	   differences	   were	   found	   between	   the	   early	   and	   the	   late	   interference	  condition	   (t(46)	   =	   1.77,	   p	   =	   .042	   (one-­‐tailed)	   as	   well	   as	   between	   the	   early	   and	   no	   interference	  condition,	   t(46)	  =	  1.82,	  p	  =	   .038	  (one-­‐tailed).	   In	  both	  cases,	  performance	  on	   the	  early	   interference	  condition	  was	  worse.	  A	  similar	  pattern	  was	  observed	  for	  the	  middle	  interference	  condition	  (since	  we	  did	  not	  have	  priori	  predictions	  for	  this	  conditions,	  t-­‐tests	  are	  here	  two-­‐tailed):	  The	  performance	  was	  worse	   than	   on	   the	   late	   interference	   (t(46)	   =	   2.53,	   p	   =	   .02,	   two-­‐tailed)	   and	   the	   non-­‐interference	  condition	  (t(46)	  =	  2.46,	  p	  =	  .02,	  two-­‐tailed).	  No	  differences	  were	  found	  between	  the	  late	  interference	  and	  non-­‐interference	  condition	  (t	  <	  1).	  	  	  
	  
Fig.	   8.	   Performance	   on	   the	   subsequent	   recognition	   memory	   task.	   The	   mean	   percentage	  correct	   answers	   (+/-­‐	   SEM)	   for	   each	   condition	   (no	   interference,	   early-­‐,	   middle-­‐,	   late	  interference)	  are	  shown	  for	  confidence	  levels	  7	  to	  10.	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3.3	  Discussion	  In	   experiment	   2,	   after	   removing	   the	   verbal	   cue	   and	   adding	   a	   “middle	   interference”	   condition,	   we	  found	   that	   interference	   “in	   between”	   the	   early	   and	   later	   interference	   condition	   led	   to	   a	   similar	  decrease	   in	  performance	  as	   in	  the	  early	   interference	  condition.	  There	   is	  no	  evidence	   in	  favour	  of	  a	  gradual	   increase	   in	   LTM	   performance	   from	   early	   towards	   late	   stage	   of	   WM	   maintenance.	   These	  results	  support	  the	  theory	  of	  two	  distinct	  stages	  of	  WM	  maintenance.	  That	  is,	  in	  this	  view,	  formation	  of	   an	   internal	   code	   during	   the	   early	   stage	   of	   WM	   maintenance	   could	   be	   an	   “all-­‐or-­‐nothing”	   /	  dichotomous	  process.	  However,	  our	  experiment	  does	  not	  provide	  direct	  evidence	  for	  this	  proposal	  as	   it	   is	  still	  possible	   that	   the	   transition	  might	  occur	  somewhere	  between	  the	   implemented	  2.5	  and	  4.5	   seconds.	  However,	   since	   the	  differences	   are	   already	   rather	   small,	   it	  would	  be	  difficult,	   at	   least	  with	   the	   current	   paradigm,	   to	   detect	   reliable	   statistical	   differences	  when	   increasing	   the	   temporal	  resolution	  even	  more.	  A	  different	  experimental	  setup,	  possibly	  also	  with	  other	  stimuli,	   is	  necessary	  to	   further	  examine	  whether	   the	   two	  proposed	  WM	  maintenance	  stages	  are	  as	  clearly	  separable	  as	  has	   been	   proposed.	   This	   could,	   for	   instance,	   be	   done	   with	   a	   subsequent	   free-­‐recall	   memory	   test	  instead	  of	  a	   recognition	  memory	   test	   in	  order	   to	  be	  able	   to	  examine	   the	   “richness”	  of	   the	  episodic	  memories	   by	   scoring	   different	   degrees	   of	   detail	   (alternatively,	   the	   overlap	   between	   the	   cue	   and	  probe	  stimulus	  should	  be	  increased,	  requiring	  the	  participant	  to	  encode	  the	  cue	  in	  much	  more	  detail;	  see	  e.g.,	  Awh,	  Barton,	  &	  Vogel,	  2007).	  It	  may	  be	  assumed	  that	  the	  degree	  of	  detail	  of	  the	  reproduction	  is	  a	  gradual	  function	  of	  the	  time	  spent	  to	  encode	  and	  maintain	  the	  target.	  This,	  however,	  will	  reach	  asymptote	   after	   some	   time,	   providing	   no	   or	   scarcely	   additional	   (measurable)	   effect	   on	   LTM	  formation.	  This	  plateau	  may	  not	  set	  in	  before	  a	  rich	  and	  vivid	  mental	  representation	  of	  the	  target	  has	  been	   formed.	   Hence,	   this	   moment	   is	   proposed	   to	   reflect	   the	   earlier	   suggested	   late	   stage	   of	   WM	  maintenance.	  However,	  the	  exact	  time	  course	  of	  the	  proposed	  mechanism	  is	  most	  likely	  a	  function	  of	  the	  to-­‐be-­‐remembered	  material,	  e.g.	  the	  modality	  in	  which	  the	  target	  is	  offered,	  the	  complexity	  of	  the	  stimulus,	   how	   easily	   it	   can	   be	   verbalized	   (see	   also	  Khader	   et	   al.,	   2007)	   and	   the	   complexity	   of	   the	  stimulus	  type	  as	  well	  as	  the	  expertise	  of	  the	  participant	  with	  the	  stimulus	  at	  hand	  (Curby	  &	  Gauthier,	  2007;	  Tanaka	  &	  Curran,	  2001).	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4.	  General	  discussion	  The	   present	   paper	   investigated	   the	   possible	   functional	   dissociation	   of	   the	   two	   proposed	  stages	   of	   WM	   maintenance	   and	   their	   differential	   contribution	   to	   LTM	   formation;	   the	   early	   stage	  during	   which	   a	   mental	   representation	   of	   the	   to-­‐be-­‐learned	   target	   is	   thought	   to	   be	   actively	  constructed	   in	   the	   absence	   of	   external	   stimulation,	   and	   the	   late	   stage,	   during	  which	  more	   or	   less	  automatic	  maintenance	  of	  this	  target	  is	  proposed	  to	  take	  place.	  Our	  results	  support	  the	  notion	  that	  WM	  maintenance	  is	  not	  a	  unitary	  process	  and	  that	  the	  relationship	  between	  the	  amount	  of	  rehearsal	  time	  and	  subsequent	  LTM	  performance	  is	  not	  linear	  (Naveh-­‐Benjamin	  &	  Jonides,	  1984;	  Ranganath,	  et	  al.,	  2005).	  Specifically,	  disturbing	   the	  early	  stage,	  either	  by	   interfering	  or	  by	  precipitate	  probing	  disproportionately	   affects	  performance	  on	  an	  unexpected	   subsequent	   recognition	  memory	   task	   as	  compared	   to	   disturbing	   later	   stages	   of	   WM	   maintenance.	   This	   effect	   does	   not	   appear	   to	   be	  modulated	   by	   the	   type	   of	   interference	   task,	   the	   degree	   of	   overlap	   between	   target	   and	   interfering	  stimulus	  or	  by	  the	  existence	  of	  a	  verbal	  cue	  preceding	  the	   interference	  task	  as	  very	  similar	  results	  were	   found	   between	   our	   first	   and	   second	   study.	   In	   addition,	   even	   though	   we	   assumed	   that	   the	  transition	  between	  these	  two	  stages	  is	  not	  as	  strict	  as	  previously	  proposed	  and	  that	  one	  can	  observe	  gradual	   differences	   of	   detail	   of	   the	   to-­‐be-­‐remembered	   target,	   we	   could	   hardly	   find	   additional	  evidence	  supporting	  this	  proposal	  with	  the	  current	  paradigm.	  Future	  studies,	  using	  different	  stimuli	  and	  another	  experimental	  setup,	  which	  specifically	   test	   the	  degree	  of	  detail	  of	   the	  reproduction	  or	  recall	   (possibly	   in	   a	   subsequent	   free	   recall	   test	   or	   by	   increasing	   the	   overlap	   between	   sample	   and	  probe	  stimulus),	  as	  a	  function	  of	  the	  amount	  of	  undisturbed	  rehearsal	  time	  may	  further	  shed	  light	  on	  this	  issue.	  	  It	  is	  interesting	  to	  note	  that	  some	  neuropsychological	  patient	  studies	  have	  also	  manipulated	  the	   length	   of	   the	   delay	   phase	   and	   investigated	   whether	   short	   and	   long	   delay	   intervals	   might	  differentially	  affect	  LTM	  performance	  on	  a	  subsequent	  recognition	  memory	  task.	  For	  example,	  in	  one	  study	  a	  delayed-­‐match-­‐to-­‐sample	  task	  with	  faces	  as	  targets	  was	  administered	  in	  a	  group	  of	  globally	  amnesic	  patients	  and	  a	  matched	  control	  group	  (Nichols	  et	  al.,	  2006).	  The	  delay	  length	  was	  either	  1s	  or	  7s.	  Amnesic	  patients	  were	  impaired	  on	  the	  WM	  task	  on	  the	  7s	  interval,	  but	  performed	  equally	  as	  control	  participants	  when	  tested	  after	  a	  1s	  interval.	  Critically,	  the	  authors	  reported	  a	  main	  effect	  for	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the	  delayed	  recognition	  memory	  task:	  higher	  LTM	  performance	  for	  trials	  with	  a	  longer	  delay	  length	  than	   shorter	   delay	   length.	   The	   findings	   were	   interpreted	   as	   evidence	   that	   “LTM	   encoding	   occurs	  during	   WM	  maintenance”	   (Nichols	   et	   al.,	   2006,	   p.	   612).	   Van	   Geldorp	   and	   colleagues	   (2012)	   also	  conducted	  a	  delayed-­‐match-­‐to-­‐sample	   task	   in	  a	  group	  of	  Korsakoff	  amnesia	  patients	  and	  a	  control	  group,	   followed	  by	   a	   subsequent	   recognition	  memory	   task.	  However,	   in	   that	   study,	   an	   associative	  memory	  tasks	  was	  administered,	  which	  required	  the	  participants	  to	  remember	  pairings	  of	  faces	  and	  houses	  in	  each	  trial.	  The	  delay	  length	  was	  either	  3	  or	  6	  seconds.	  Interestingly,	  they	  did	  not	  find	  any	  effect	  of	  delay	  length,	  neither	  on	  the	  WM	  nor	  the	  LTM	  task.	  Possibly,	  Nichols	  and	  colleagues	  (2006)	  disrupted	   the	  early	   stage	  of	   the	  WM	  maintenance	  period	  and	   therefore	   their	  participants	   failed	   to	  form	  a	  stable	  internal	  representation	  of	  the	  target.	  In	  turn,	  van	  Geldorp	  et	  al.	  (2012)	  probed	  after	  a	  maintenance	  interval	  of	  three	  seconds,	  possibly	  allowing	  their	  participants	  enough	  time	  for	  a	  deeper	  elaboration	  of	  the	  to-­‐be-­‐learned	  information	  and	  to	  form	  an	  elaborate	  mental	  representation	  of	  the	  target	  (the	   fact	   that	  our	  results	  suggest	   that	   the	  elaboration	  of	  an	   internal	  stimulus	  representation	  mat	   be	   still	   on-­‐going	   may	   be	   due	   to	   the	   different	   study	   populations	   and/or	   to	   the	   differential	  complexity	  of	  the	  stimuli	  used	  in	  our	  experiment	  as	  compared	  to	  the	  face-­‐house-­‐pairings	  employed	  by	  van	  Geldorp	  et	  al.,	  2012).	  We	  concur	  with	  the	  notion	  of	  Nichols	  et	  al.	  (2006)	  who	  proposed	  that	  a	  longer	  delay	  might	  foster	  LTM	  encoding,	  but	  only	  to	  a	  certain	  extent.	  In	  light	  of	  the	  current	  results,	  we	   argue	   that	   the	   time	   during	   a	   longer	   delay	   interval	   is	   typically,	   or	   optimally,	   used	   to	   form	   a	  holistic,	  maybe	   semantic-­‐	   or	   conceptual-­‐based	   representation	   of	   the	   target	  which	   in	   turn	   helps	   to	  remember	   it	  across	  even	   longer	  delays.	  As	  noted	  earlier,	  however,	   this	  positive	  effect	  of	   increased	  rehearsal	  only	  applies	  if	  one	  “uses	  the	  rehearsal	  time	  to	  enrich	  and	  elaborate	  the	  memory	  trace”	  but	  not	  if	  the	  “time	  is	  used	  merely	  to	  maintain	  the	  trace	  in	  some	  simple	  form”	  (Craik	  &	  Watkins,	  1973,	  p.606).	  
4.1	  Limitations	  Even	  though	  we	  found	  additional	  evidence	  in	  favour	  of	  the	  functional	  segregation	  of	  an	  early	  and	  a	  late	   stage	   of	   the	  maintenance	   phase,	   the	   effects	  were	   rather	   small	   and	  would,	   in	  most	   	   cases,	   not	  survive	  multiple-­‐comparison	  corrections.	  Hence,	  one	  might	  be	  inclined	  to	  argue	  that	  our	  results	  are	  not	  sufficiently	  protected	  against	  type	  I	  errors.	  However,	  the	  effects	  were	  mostly	  in	  the	  hypothesised	  
	  	  
	  
121	  
direction	   and	   highly	   similar	   results	   have	   been	   replicated	   twice.	   That	   is,	   in	   two	   studies	   we	   found	  highly	   similar	   results	   as	   Ranganath	   et	   al.	   (2005)	   did	   in	   their	   behavioural	   study	   and	   a	   double	  replication	  of	  previous	  results	  can,	   in	  our	  view,	  be	  regarded	  as	  a	   reliable	  protection	  against	   type	   I	  errors.	   One	  may	  also	  object	  that	  at	  least	  some	  of	  the	  employed	  stimuli	  bear	  similarity	  to	  real	  objects	  and	  could	  thus	  be	  easily	  named.	  It	  is	  well	  known	  that	  participants	  try	  to	  verbalize	  all	  kind	  of	  stimuli	  in	   order	   to	   improve	   the	   encoding	   and	   memory	   of	   the	   to-­‐be-­‐learned	   material.	   However,	  interpretation	   of	   our	   results	   is	   based	   on	  differences	   between	  different	   conditions	   (i.e.,	   differential	  onset	   times	   of	   the	   interference	   task	   or	   length	   of	   the	   maintenance	   interval)	   and	   stimuli	   were	  randomly	   assigned	   to	   the	   different	   conditions.	  Hence,	   even	   if	   participants	   tried	   to	   verbalize	   some	  targets,	   it	   is	  unlikely	   that	   this	  poses	  a	  problem	   for	   the	  pattern	  as	  well	  as	   the	   interpretation	  of	  our	  results.	  
4.2	  How	   can	  our	   results	   be	   interpreted	   in	   light	   of	   other	   existing	   theories	   on	  WM,	   LTM	  and	  
their	  interaction?	  	  As	  previously	  mentioned	  WM	  and	  LTM	  are	   typically	   investigated	  separately	  and	  only	   some	  recent	  studies	  examined	  the	  interaction	  between	  these	  two	  memory	  systems.	  Therefore,	  it	  is	  not	  surprising	  that	   theoretical	   frameworks	  used	   to	   regard	  WM	  and	  LTM	  as	  separate	  entities.	  For	   instance,	   in	   the	  initial	  WM	  model	  by	  Baddeley	  &	  Hitch	  (1974)	  and	  Baddeley	  (1986)	  there	  was	  no	  clear	  description	  of	  a	  link	  between	  WM	  and	  LTM	  and	  only	  in	  his	  more	  recent	  model,	  Baddeley	  (2000)	  expanded	  his	  WM	  model	  to	  a	  broader	  memory	  framework,	  also	  considering	  a	  functional	  relationship	  between	  WM	  and	  LTM.	   Baddeley	   argues	   that	   all	   incoming	   information	   may	   be	   processed	   by	   systems	   that	   are	  influenced	   by	   LTM	   (Baddeley,	   2012).	   In	   other	  words,	   to-­‐be-­‐remembered	   cues	   are	   first	   perceived,	  visually	   processed	   and	   then	   held	   in	   the	   visuo-­‐spatial	   sketchpad.	   A	   mental	   representation	   of	   the	  stimulus	   is	   being	   formed,	   possibly	   first	   consisting	   of	   a	   relatively	   low-­‐level	   featural	   representation	  before	  a	  more	  elaborate	  and	  holistic	  representation	  is	  created.	  That	  is,	  a	  more	  structural	  encoding	  of	  the	   physical	   features	   might	   be	   followed	   by	   a	   deeper,	   more	   elaborated	   semantic	   encoding.	  Particularly	  the	  latter	  process	  may	  be	  expected	  to	  be	  an	  interactive	  process	  of	  WM	  and	  LTM,	  in	  that	  incoming	   (arbitrary)	   information	   is	   attempted	   to	   be	   semanticised	   by	   comparing	   that	   incoming	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information	   with	   pre-­‐existing,	   previously	   acquired	   visuo-­‐perceptual	   semantics	   (Baddeley,	   2000).	  That	   is,	   a	   complex	   three-­‐dimensional	   figure,	   which	   does	   not	   match	   an	   already	   existing	   mental	  semantic	  template	  and	  which	  consists	  of	  a	  rectangle,	  a	  few	  lines,	  and	  a	  semi-­‐circle	  may	  be	  re-­‐coded	  by	  the	  perceiver	  as	  reflecting	  a	  matchstick	  robot,	  a	  castle	  or	  a	  dancer.	  If	  one	  agrees	  that	  this	  semantic	  processing,	  hence	  the	  interactive	  process	  between	  the	  visuo-­‐perceptual	  system,	  WM	  and	  LTM,	  may	  require	  some	  time	  to	  complete	  (depending,	  amongst	  others,	  upon	  the	  complexity	  of	  the	  stimulus	  and	  the	  pre-­‐existence	  of	  and	  similarity	  to	  a	  mental	  template),	  this	  framework	  by	  Baddeley	  (2000)	  may	  fit	  very	  well	  with	  the	  present	  results.	  	  Our	  results	  and	  interpretation	  also	  are	  broadly	  compatible	  with	  embedded-­‐process	  memory	  models	  (Cowan,	  1988,	  2005;	  see	  Oberauer,	  2002;	  Ruchkin,	  et	  al.,	  2003	  for	  related	  views),	  accounts,	  which	  seem	  to	  differ	  profoundly	   from	  the	  multi-­‐component	  model	  of	  Baddeley	   (2000)	  but,	   in	   fact,	  are	   thought	   to	  be	  mainly	  different	   in	   terms	  of	   terminology	   (Baddeley,	  2012).	  A	  core	   feature	  of	   the	  model	  of	  Cowan	  is	  that	  WM	  mainly	  reflects	  “cognitive	  processes	  that	  are	  maintained	  in	  an	  unusually	  accessible	  state”	  (Cowan,	  1999,	  p.	  62),	  the	  focus	  of	  attention,	  which	  comprises	  up	  to	  four	  chunks.	  All	  remaining	  information	  required	  for	  a	  task	  is	  thought	  to	  be	  in	  different	  activation	  states:	  the	  activated	  memory	  store	  and	  an	  inactive	  part.	  In	  addition,	  Cowan	  (1999)	  stresses	  that	  there	  is	  an	  intimate	  link	  between	  attentional	  processes,	  WM	  and	  LTM,	  in	  that	  information	  residing	  in	  the	  focus	  of	  attention	  is	  nothing	   more	   than	   activated	   LTM.	   Hence,	   by	   this	   view,	   to-­‐be-­‐learned	   information	   is	   likely	   to	   be	  always	  compared	  and	  matched	  with	  pre-­‐existing	  mental	  representations,	  a	  process	  requiring	  more	  time	  depending	  upon	  the	  complexity	  of	  the	  stimulus,	  the	  similarity	  to	  pre-­‐existing	  representations	  as	  well	  as	  the	  expertise	  of	  the	  participant	  (Curby	  &	  Gauthier,	  2007;	  Tanaka	  &	  Curran,	  2001).	  The	  distinction	  between	  relatively	   low-­‐level	   representations	  sufficient	   for	  an	  accurate	  WM	  decision	   and	   more	   elaborate,	   conceptual	   stimulus	   representations	   required	   for	   successful	   LTM	  formation	  may	  also	  explain	  the	  differential	  results	  on	  the	  WM	  and	  LTM	  task	  as	  a	  function	  of	  the	  mere	  existence	  of	  an	  interference	  paradigm	  as	  well	  as	  the	  moment	  of	  the	  interference	  stimulus.	  Whereas	  performance	   on	   the	  WM	   task	   appeared	   to	   be	   insensitive	   of	   the	  moment	   of	   the	   interference	   task	  (rather,	   an	   interference	   effect	   was	   found),	   the	   moment	   of	   the	   interference	   did	   affect	   LTM	  performance	   (but	  was	   not	  modulated	   by	   the	   (non-­‐)existence	   of	   an	   interference	   task).	   Hence,	   it	   is	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possible	  that	  the	  presentation	  of	  an	  interference	  stimulus	  does	  disturb	  the	  online	  maintenance	  of	  the	  featural	  properties	  of	  the	  stimulus	  (i.e.,	  the	  relatively	  low-­‐level	  representation	  of	  the	  stimulus)	  and	  consequently	  impairs	  performance	  on	  the	  WM	  task.	  Moreover,	  this	  is	  unaffected	  by	  the	  time	  of	  when	  the	   interference	   stimulus	   is	   being	   presented	   (at	   least	   as	   long	   as	   memory	   is	   tested	   within	   a	   few	  seconds	  after	  stimulus	  presentation).	  Performance	  on	  the	  LTM	  task,	   in	  contrast,	  may	  rely	  more	  on	  deeper,	  more	  elaborated	   internal	   representations	  of	   the	  stimulus	   -­‐	  a	  process,	  as	  stated	  previously,	  possibly	  requiring	  some	  time	  to	  be	  completed.	  Consequently,	  LTM	  performance	  may	  be	  unaffected	  by	   the	   possible	   disturbed	   featural	   representation	   of	   the	   stimulus	   as	   long	   as	   a	   more	   semantic	  representations	  has	  already	  been	  formed	  at	  the	  moment	  of	  interference.	  	  
4.3	  What	  is	  happening	  during	  the	  (early)	  delay	  phase?	  	  One	  may	  question	  whether	  the	  contribution	  of	  the	  early	  delay	  stage	  to	  successful	  LTM	  formation	  is	  truly	  due	  to	  processes	  occurring	  during	  the	  actual	  maintenance	  phase	  or	  whether	  it	  is	  a	  result	  of	  the	  stimulus	  not	  yet	  being	  completely	  encoded	  at	   the	   time	  of	   interference	  during	  a	  early	   stage	  of	  WM	  maintenance.	   Several	   studies	   have	   revealed	   that	   the	   duration	   of	   the	   encoding	   process	   is	  proportionally	   related	   to	   the	   stimulus	   complexity	   (Alvarez	   &	   Cavanagh,	   2004;	   Awh	   et	   al.,	   2007;	  Curby	   &	   Gauthier,	   2007;	   Eng,	   Chen,	   &	   Jiang,	   2005;	   Ouimet	   &	   Jolicoeur,	   2007)	   with,	   for	   example,	  encoding	  of	  colours	  being	  completed	  in	  as	  fast	  as	  about	  50	  ms	  (Vogel,	  Woodman,	  &	  Luck,	  2006)	  and	  encoding	  of	   faces	  requiring	  500	  ms	  or	  more	  (Curby	  &	  Gautier,	  2007).	   In	  addition,	   it	   is	  well	  known	  that	  processing	  of	  the	  stimulus	  may	  continue	  after	  stimulus	  offset,	  that	  is,	  in	  the	  absence	  of	  external	  physical	   stimulation.	   Specifically,	   research	   on	   the	   attentional	   blink	   suggests	   that	   the	   failure	   in	  consciously	   recognizing	   a	   stimulus,	  which	   is	   presented	   closely	   in	   time	   after	   a	   preceding	   stimulus,	  may	  be	  due	  to	  the	  first	  stimulus	  not	  yet	  being	  completely	  encoded.	  In	  fact,	  it	  has	  been	  found	  that	  the	  attentional	   blink	   effect	   disappeared	   or	   had	   a	   lower	   magnitude	   when	   the	   complexity	   of	   the	   first	  stimulus	   was	   reduced	   and,	   hence,	   less	   time	   was	   required	   to	   encode	   this	   stimulus	   (Ouimet	   &	  Jolicoeur,	  2007).	  Thus,	  depending	  on	   the	  complexity	  and	   the	   time	  allowed	   to	  encode	   the	  stimulus,	  encoding	  may	  or	  may	  not	   be	   completed	   at	   stimulus	   offset.	  Disturbing	   this	   post-­‐stimulus	   encoding	  process	  may	  then	  affect	  the	  process	  of	  forming	  an	  elaborated,	  semantic	  representation	  of	  the	  target	  (or	  the	  consolidation	  or	  “vulcanization”	  process	  as	  referred	  to	  by	  Vogel	  et	  al.,	  2006).	  However,	   it	   is	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also	   important	   to	   note	   that	   there	   is	   a	   fundamental	   difference	   between	   studies	   on	   the	   attentional	  blink	   or	   paradigms	   using	   rapid	   serial	   visual	   presentations	   (RSVP)	   and	   the	   present	   paradigm.	  Whereas	  RSVP	   studies	   investigated	   the	   consolidation	   of	   durable	  WM	   representations,	   the	   present	  paper	  examined	  the	  timing	  of	  the	  formation	  of	  a	  durable	   internal	  representation	  required	  to	  make	  an	  accurate	  LTM	  decision	  in	  a	  subsequent	  recognition	  memory	  task.	  This	  distinction	  would	  explain	  the	  temporal	  differences	  found	  in	  the	  present	  studies	  and	  the	  results	  of	  previous	  studies	  suggesting	  that	   encoding	   of	   for	   example	   faces	   may	   require	   500ms	   or	   more.	   That	   is,	   in	   our	   studies	   on	   LTM	  formation	  an	   interference	   stimulus	  presented	  as	   late	  as	  2.5	   s	   after	   sample	   stimulus	  offset	   affected	  LTM	  performance,	   suggesting	   that	   processes	   critical	   for	   successful	   LTM	   encoding	  may	   go	   on	  well	  beyond	   processes	   required	   for	   WM	   consolidation,	   as	   investigated	   in	   previous	   studies	   on,	   for	  example,	  the	  attentional	  blink.	  
4.4	  Conclusion	  In	   conclusion,	   additional	   evidence	  has	  been	   found	   that	  WM	  processes	   critically	   contribute	   to	  LTM	  performance.	  However,	   as	   previously	   been	   suggested,	   the	   effects	   on	   LTM	  performance	   during	   the	  maintenance	  interval	  do	  not	  appear	  to	  be	  linear.	  That	  is,	  there	  seems	  to	  be	  a	  functional	  segregation	  with	  the	  early	  maintenance	  phase	  being	  particularly	  relevant	  for	  successful	  LTM	  formation.	  Whether	  the	  effects	  of	  the	  early	  maintenance	  phase	  is	  truly	  specific	  for	  the	  maintenance	  phase	  or	  whether	  it	  is	  reminiscent	   of	   on-­‐going	   encoding	   processes,	   which	   have	   not	   been	   completed,	   has	   yet	   to	   be	  determined.	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Abstract	  	  
Background.	  Emotion	  can	  either	  facilitate	  or	  impair	  memory,	  depending	  on	  what,	  when	  and	  how	  memory	  is	  tested	  and	  whether	  the	  paradigm	  at	  hand	  is	  administered	  as	  a	  working	  memory	  (WM)	  or	  a	  long-­‐term	  memory	  (LTM)	  task.	  Whereas	  emotionally	  arousing	  single	  stimuli	  are	  more	  likely	  to	  be	  remembered,	  memory	  for	  the	  relationship	  between	  two	  or	  more	  component	  parts	  (i.e.,	  relational	  memory)	  appears	  to	  be	  worse	  in	  the	  presence	  of	  emotional	  stimuli,	  at	  least	  in	  some	  relational	  memory	  tasks.	  The	  current	  study	  investigated	  the	  effects	  of	  both	  valence	  (neutral	  vs.	  positive	  vs.	  negative)	  and	  arousal	  (low	  vs.	  high)	  in	  an	  inter-­‐item	  WM	  binding	  and	  LTM	  task.	  
Methodology/Principal	  Findings.	  A	  five-­‐pair	  delayed-­‐match-­‐to-­‐sample	  (WM)	  task	  was	  administered.	  In	  each	  trial,	  study	  pairs	  consisted	  of	  one	  neutral	  picture	  and	  a	  second	  picture	  of	  which	  the	  emotional	  qualities	  (valence	  and	  arousal	  levels)	  were	  manipulated.	  These	  pairs	  had	  to	  be	  remembered	  across	  a	  delay	  interval	  of	  10	  seconds.	  This	  was	  followed	  by	  a	  probe	  phase	  in	  which	  five	  pairs	  were	  tested.	  After	  completion	  of	  this	  task,	  an	  unexpected	  single	  item	  LTM	  task	  as	  well	  as	  an	  LTM	  task	  for	  the	  pairs	  was	  assessed.	  As	  expected,	  emotional	  arousal	  impaired	  WM	  processing.	  This	  was	  reflected	  in	  lower	  accuracy	  for	  pairs	  consisting	  of	  high-­‐arousal	  pictures	  compared	  to	  pairs	  with	  low-­‐arousal	  pictures.	  A	  similar	  effect	  was	  found	  for	  the	  associative	  LTM	  task.	  However,	  the	  arousal	  effect	  was	  modulated	  by	  affective	  valence	  for	  the	  WM	  but	  not	  the	  LTM	  task;	  pairs	  with	  low-­‐arousal	  negative	  pictures	  were	  not	  processed	  as	  well	  in	  the	  WM	  task.	  No	  significant	  differences	  were	  found	  for	  the	  single-­‐item	  LTM	  task.	  
Conclusions/Significance.	  The	  present	  study	  provides	  additional	  evidence	  that	  processes	  during	  initial	  perception/encoding	  and	  post-­‐encoding	  processes,	  the	  time	  interval	  between	  study	  and	  test	  and	  the	  interaction	  between	  valence	  and	  arousal	  might	  modulate	  the	  effects	  of	  “emotion”	  on	  associative	  memory.	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1.	  Introduction	  The	  likelihood	  of	  remembering	  a	  stimulus	  or	  an	  event	  is	  modulated	  not	  only	  by	  how	  the	  information	  is	   encoded	   (intentional	   vs.	   incidental)	   and	   how	  memory	   is	   tested	   (e.g.,	   free	   recall	   vs.	   recognition	  memory)	  but	  also	  critically	  by	  their	  emotional	  content.	  Whereas	  this	  effect	  was	  originally	  referred	  to	  as	   the	   “emotional	   enhancement	   effect	   on	   memory”	   e.g.,	   (Cahill	   &	   McGaugh,	   1995;	   see	   review	   by	  Hamann,	   2001),	   it	   has	   become	   clear	   that	   emotion	   can	   facilitate,	   yet	   also	   impair	   memory.	   This	   is	  dependent	  on	  how	  emotion	  is	  manipulated	  and	  upon	  how,	  when,	  and	  what	  kind	  of	  memory	  is	  tested.	  More	   specifically,	  memory	  performance	  may	  be	  a	   function	  of	  whether	  memory	   for	   single	   items	  or	  the	   relation	   between	   two	   or	   more	   component	   parts	   (i.e.,	   relational	   memory)	   is	   tested	   (Madan,	  Caplan,	   Lau,	   &	   Fujiwara,	   2012;	   Mather	   &	   Nesmith,	   2008),	   which	   aspects	   in	   a	   relational	   memory	  paradigm	   are	   tested	   (e.g.,	   the	   emotional	   or	   non-­‐emotional	   part	   of	   a	   scene;	   Christianson,	   Loftus,	  Hoffman,	  &	  Loftus,	  1991;	  Kensinger,	  Garoff-­‐Eaton,	  &	  Schacter,	  2007a;	  Kensinger,	  Piguet,	  Krendl,	  &	  Corkin,	  2005;	  Schmidt,	  2002;	  Stanny	  &	  Johnson,	  2000),	  and	  of	  the	  length	  of	  the	  delay	  between	  study	  and	   test,	   particularly	  whether	   the	   task	   is	   administered	   as	   a	  working	  memory	   (WM)	   or	   long-­‐term	  memory	  (LTM)	  task	  (Mather	  &	  Sutherland,	  2011).	  In	  addition,	  both	  valence	  and	  arousal	  levels	  of	  the	  stimuli	  or	  events	  (Kensinger,	  2009;	  Pierce	  &	  Kensinger,	  2011;	  Zimmerman	  &	  Kelley,	  2010)	  and	  how	  “emotion”	  is	  manipulated	  (e.g.,	  through	  mood	  induction,	  by	  manipulation	  of	  the	  emotional	  content	  of	  the	  to-­‐be-­‐remembered	  stimuli	  or	  of	  distracting	  stimuli)	  are	  all	  critical	  determinants	  of	  the	  accuracy	  with	  which	  an	  event	  is	  remembered.	  	   It	  has	  been	  noted	  that	  much	  of	  the	  evidence	  in	  favor	  of	  the	  “original”	  emotional	  enhancement	  effect	   of	   memory	   has	   been	   derived	   from	   studies	   examining	   memory	   for	   individual	   items	   only.	  However,	   single-­‐item	  memory	   tasks	   lack	   the	   typical	   relational	   and	   associative	  nature	  of	   “real-­‐life”	  episodic	  memories	  (Mather,	  2007;	  Mather	  et	  al.,	  2006;	  Mather	  &	  Nesmith,	  2008).	  Indeed,	  emotional	  memory	   enhancement	   does	   not	   always	   extend	   to	   relational	   memory	   tasks,	   at	   least	   not	   in	   a	  straightforward	  way.	  That	   is,	   the	  effect	  of	  emotion	  hinges	  critically	  on	  what	   is	  tested.	  For	  example,	  when	   more	   complex	   scenes,	   which	   consist	   of	   an	   arousing	   item	   and	   a	   neutral	   background,	   are	  encoded	  and	  tested	  in	  a	  subsequent	  episodic	  memory	  task,	  memory	  for	  emotionally	  arousing	  central	  items	  seems	  to	  be	  better	  than	  for	  emotionally	  neutral	  items.	   	  In	  contrast,	  memory	  performance	  for	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the	   details	   of	   the	   background	   shows	   the	   opposite	   pattern;	   with	   impaired	   memory	   when	   the	  background	  is	  presented	  together	  with	  an	  emotionally	  arousing	  central	  item	  in	  comparison	  to	  when	  it	   is	   presented	   with	   a	   neutral	   central	   item	   (Christianson	   et	   al.,	   1991;	   Kensinger,	   Garoff-­‐Eaton,	   &	  Schacter,	  2007b;	  Kensinger	  et	  al.,	  2005;	  Schmidt,	  2002;	  Stanny	  &	  Johnson,	  2000).	  This	  effect	  is	  also	  nicely	   reflected	   in	   the	   well-­‐known	   weapon-­‐focus	   effect,	   in	   which	   people	   are	   more	   apt	   at	  remembering	  the	  weapon	  in	  a	  	  crime	  (real	  or	  simulated)	  in	  much	  detail,	  but	  are	  more	  likely	  to	  forget	  other	   contextual	  details	   (Steblay,	   1992).	  As	   an	  explanation,	   it	   has	  been	   suggested	   that	   the	   arousal	  level	   of	   emotional	   stimuli	  modulates	   and	   biases	   the	   perceptual	   competition,	  with	   highly	   arousing	  stimuli	  being	  more	  likely	  to	  capture	  the	  attention	  (Bargh,	  Chaiken,	  Govender,	  &	  Pratto,	  1992;	  Calvo	  &	  Lang,	   2004;	   Nummenmaa,	   Hyona,	   &	   Calvo,	   2006;	   Ohman,	   Flykt,	   &	   Esteves,	   2001;	   Pratto	   &	   John,	  1991)	  and	  thus	  benefiting	  from	  prioritized	  processing	  (Anderson	  &	  Phelps,	  2001;	  Morris,	  Ohman,	  &	  Dolan,	   1998).	   Consequently,	   they	  will	   be	  more	   likely	   to	   be	   remembered	   in	   a	   subsequent	  memory	  task,	   possibly	   also	   depending	   on	   whether	   the	   attention–grabbing	   stimulus	   is	   task-­‐relevant	  (Easterbrook,	  1959;	  Kensinger	  &	  Corkin,	  2003;	  Mather	  &	  Sutherland,	  2011).	  At	  the	  same	  time,	  this	  competition	  bias	  on	   the	  perceptual	   level	  may	  result	   in	   less-­‐arousing	  stimuli	  being	   less	  attended	  to	  and,	  thus,	  more	  likely	  to	  be	  forgotten	  (i.e.,	  not	  consolidated	  into	  LTM).	  	  Hence,	  the	  type	  of	  the	  memory	  test	  (single	  item	  vs.	  relational	  memory	  test)	  and	  the	  aspects	  of	   an	   event	   that	   are	   tested	   (e.g.,	   central	   or	   peripheral	   items	   or	   the	   context)	   are	   critical	   for	  determining	   the	   accuracy	  with	  which	   an	   event	   is	   remembered.	  With	   this	   said,	   however,	   different	  types	  of	  relational	  memory	  have	  been	  distinguished	  (Ecker,	  Zimmer,	  &	  Groh-­‐Bordin,	  2007;	  Zimmer,	  2006)	  and	  it	  appears	  that	  the	  effect	  of	  emotion	  on	  memory	  may	  depend	  upon	  what	  kind	  of	  relational	  memory	   task	   is	   administered	   (Knight	   et	   al.,	   2007):	   Recent	   studies	   on	   emotional	   arousal	   and	  relational	  memory	  have	  mainly	  employed	  intra-­‐item	  relational	  memory	  binding	  tasks,	  for	  example,	  object-­‐color	   binding	   tasks	   (D'Argembeau	  &	  Van	   der	   Linden,	   2004;	   Doerksen	  &	   Shimamura,	   2001;	  Kensinger	   &	   Corkin,	   2003;	   MacKay	   &	   Ahmetzanov,	   2005)	   or	   object-­‐location	   paradigms	  (D'Argembeau	  &	  Van	  der	  Linden,	  2004;	  Huijbers,	  Bergmann,	  Olde	  Rikkert,	  &	  Kessels,	  2011;	  Mather	  &	  Nesmith,	   2008;	   Mitchell,	   Mather,	   Johnson,	   Raye,	   &	   Greene,	   2006).	   The	   majority	   of	   these	   studies	  showed	  increased	  performance	  on	  an	  unexpected	  subsequent	  recognition	  memory	  task	  for	  stimulus-­‐
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color	   as	   well	   as	   stimulus-­‐location	   associations	   when	   the	   stimulus	   was	   emotionally	   arousing	  compared	  to	  non-­‐arousing,	  neutral	  stimuli.	  Interestingly,	  the	  very	  few	  studies	  using	  paired-­‐associate	  memory	   tasks,	   where	   the	   relationship	   between	   two	   or	   more	   objects	   has	   to	   be	   remembered	   (i.e.,	  inter-­‐item	  binding	  paradigms),	  showed	  the	  opposite	  pattern.	  For	  example,	  paired-­‐associate	  memory	  tasks	   in	   which	   the	   associated	   word	   had	   to	   be	   generated	   to	   a	   cue	   word	   demonstrated	   lower	  performance	   for	   associates	  of	   emotional	   rather	   than	  neutral	   cue	  words,	  hence	   indicating	   impaired	  performance	   on	   inter-­‐item	   binding	   paradigms	   for	   emotional	   stimuli	   (Contini	   &	   Whissell,	   1992;	  Kohler	  &	  Thons,	  2005;	  Kohler,	  Tiede,	  &	  Thons,	  2002;	  but	  see	  Guillet	  &	  Arndt,	  2009	  for	  contradicting	  evidence,	   which,	   however,	   has	   been	   argued	   to	   be	   due	   to	   enhanced	   item	   memory	   rather	   than	  associative	   memory	   per	   se,	   Madan	   et	   al.,	   2012).	   Another	   study	   addressed	   the	   issue	   of	   possible	  differential	   effects	   of	   emotion	   on	   intra-­‐	   and	   inter-­‐item	   binding	   tasks	   empirically	   and	   found	  differential	   effects	   of	   valence	   for	   these	   two	   tasks,	   depending	   on	   whether	   participants	   were	  instructed	   to	  visualize	  neutral-­‐neutral	  or	  neutral-­‐emotional	  word	  pairs	  as	  an	   integrated	  unit	  or	   to	  visualize	   them	   separately	   from	   one	   another	   (Murray	   &	   Kensinger,	   2012).	   To	   our	   knowledge,	  however,	  no	  inter-­‐item	  binding	  studies	  exist	  that	  have	  used	  non-­‐verbal	  stimuli,	  which	  are	  thought	  to	  be	  more	  ecologically	  valid	  and	  to	  be	  processed	  more	  efficiently	  (Kindt	  &	  Brosschot,	  1999).	  Finally,	   the	   interval	   between	   study	   and	   test	   is	   important	   in	   determining	   the	   effect	   of	  emotion.	  Not	  only	   is	   there	  some	  evidence	  across	  studies	   that	  emotional	  enhancement	   increases	  as	  retention	  intervals	  increase	  (Cahill	  et	  al.,	  1996;	  Canli,	  Zhao,	  Brewer,	  Gabrieli,	  &	  Cahill,	  2000;	  Pierce	  &	  Kensinger,	   2011;	   Tabert	   et	   al.,	   2001),	   but	   differential	   results	   might	   also	   be	   expected	   for	   WM	   as	  compared	   to	   LTM	   tasks.	   Most	   emotional	   memory	   studies	   in	   which	   the	   emotional	   content	   of	   the	  stimuli	  rather	  than	  the	  mood	  of	  the	  participants	  was	  manipulated	  were	  administered	  as	  LTM	  tasks	  and	   there	   is	   a	   clear	   lack	   of	   studies	   using	   WM	   paradigms.	   There	   is	   some	   evidence	   however	   that	  emotional	  content	  might	  differentially	  affect	  performance	  on	  WM	  and	  LTM.	  For	  example,	  Kensinger	  &	   Corkin	   (2003)	   conducted	   five	   experiments,	   in	   which	   they	   assessed	   different	   WM	   paradigms	  (memory	   updating,	  word	   span,	   n-­‐back	   task),	   as	  well	   as	   subsequent	   LTM	   tasks	   that	  were	   typically	  administered	  one	  day	  after	  the	  WM	  task.	  Although	  their	  tasks	  did	  not	  rely	  on	  relational	  memory,	  the	  results	  indicated	  that	  performance	  on	  the	  WM	  tasks	  was	  not	  affected	  by	  the	  emotional	  content	  of	  the	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stimuli.	  In	  contrast,	  performance	  on	  the	  different	  LTM	  tasks	  showed	  the	  well-­‐established	  emotional	  memory	  effect	  with	  higher	  accuracy	  for	  emotionally	  arousing	  in	  comparison	  to	  non-­‐arousing	  stimuli.	  Another	   study	   administered	   a	   delayed-­‐match-­‐to-­‐sample	   (DMS)	   WM	   task	   in	   which	   each	   trial	  consisted	  of	   four	   serially	  presented	   items	   that	  had	   to	  be	   remembered,	   along	  with	   their	   respective	  locations	  on	  the	  screen	  across	  a	  7s-­‐delay	  interval	  (i.e.,	  an	  intra-­‐item	  binding	  WM	  task,	  Mather	  et	  al.,	  2006).	  Stimuli	  were	  drawn	  from	  the	  International	  Affective	  Picture	  System	  (IAPS;	  Lang,	  2008).	  These	  stimuli	   were	   selected	   based	   upon	   their	   arousal	   levels	   and	   divided	   into	   three	   categories:	   non-­‐arousing	   (neutral),	   low	   arousal	   and	   high	   arousal.	   The	   authors	   reported	   an	   “inverted”	   emotional	  effect:	   the	   higher	   the	   arousal	   level	   of	   the	   stimulus,	   the	   less	   likely	   it	  was	   to	   be	   correctly	   processed	  together	   with	   its	   corresponding	   locations	   in	   the	   WM	   task.	   Interestingly,	   these	   results	   seemed	   to	  contradict	   studies	   in	   which	   memory	   was	   not	   tested	   immediately	   but	   after	   some	   delay;	   here	  performance	   seemed	   to	   rely	   on	   LTM	   instead	   of	   WM.	   In	   most	   of	   the	   “LTM	   studies”	   the	   opposite	  pattern	   has	   been	   reported,	   with	   better	   performance	   on	   the	   intra-­‐item	   binding	   of	   emotionally	  arousing	  stimuli	  than	  for	  the	  binding	  of	  neutral/non-­‐arousing	  stimuli	  on	  different	  kinds	  of	  relational	  memory	  tasks.	  	  Next	   to	   these	   arousal	   effects,	   it	   has	   also	   been	   suggested	   that	   the	   valence	   of	   an	   event	   (i.e.,	  whether	  it	  is	  pleasurable	  or	  aversive)	  may	  modulate	  memory	  effects	  (Pierce	  &	  Kensinger,	  2011).	  For	  example,	   it	  has	  been	  reported	  that	  negative	  items	  are	  more	  likely	  to	  be	  remembered	  in	  detail	  than	  emotionally	   neutral	   or	   positive	   items,	   at	   least	   in	   young	   adults	   (Kensinger,	   2007;	   Kensinger	   et	   al.,	  2007b).	   However,	   only	   very	   few	   studies	   exist	   that	   investigated	   the	   effects	   of	   both	   valence	   and	  arousal.	  	   To	  the	  best	  of	  our	  knowledge,	  no	  inter-­‐item	  memory	  binding	  tasks	  have	  been	  reported	  that	  used	  non-­‐verbal	  stimuli	  and	  combined	  a	  WM	  and	  a	  LTM	  test	   in	  one	  single	  experimental	  design.	   In	  addition,	  most	  studies	  did	  not	  separate	  arousal	  effects	  from	  the	  effect	  of	  valence.	  With	  the	  previous	  statement	   in	   mind,	   the	   present	   study	   combined	   an	   inter-­‐item	   WM-­‐binding	   with	   an	   unexpected	  subsequent	  LTM	  task,	  using	  identical	  stimuli	  and	  similar	  task	  requirements	  for	  these	  two	  tasks.	  This	  permits	  the	  investigation	  of	  the	  effect	  of	  valence	  and	  arousal	  on	  both	  WM	  and	  LTM,	  using	  pictorial	  stimuli.	  A	  DMS	  task	  was	  employed	  in	  which	  emotionally	  neutral	  stimuli	  were	  always	  paired	  with	  a	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second	  stimulus	  of	  which	  the	  emotional	  content	  was	  manipulated.	  Based	  on	  previous	  studies	  and	  the	  object-­‐binding	   theory	   (Mather,	   2007)	   we	   predicted	   that	   high-­‐arousal	   stimuli	   would	   increase	  attention	   for	   the	   stimulus	   content,	   thereby	   producing	   a	   cost	   for	   the	   required	   binding	   process.	  Consequently,	  picture	  pairs	  containing	  high-­‐arousal	  pictures	  were	  hypothesized	  to	  be	   less	   likely	  to	  be	  correctly	  processed	   in	  WM	  than	  picture	  pairs	  consisting	  of	   less	  arousing	  stimuli.	   In	  addition,	  as	  there	   is	   some	   evidence	   that	   not	   only	   encoding-­‐related	   but	   also	   post-­‐encoding	   or	   consolidation	  processes	  affect	  the	  outcome	  in	  episodic	  LTM	  tasks	  and	  based	  upon	  previously	  reports	  on	  impaired	  emotional	  memory	   on	   paired-­‐associate	   tasks,	   we	   hypothesized	   similar	   effects	   for	   the	   unexpected	  associative	  LTM	  task	  (i.e.,	  a	  detrimental	  effect	  of	  arousal).	  Finally,	   the	  attention	  bias	   towards	  high-­‐arousal	  stimuli	  may	  be	  expected	  to	  be	  reflected	  in	  better	  single-­‐item	  memory	  as	  opposed	  to	  memory	  for	  less	  arousing	  stimuli.	  This	  hypothesis	  was	  tested	  in	  a	  single-­‐item	  LTM	  task.	  
2.	  Method	  
2.1	  Participants	  Fourty-­‐three	   female	   students	   (mean	  age	  21.34	  years,	   SD	  2.31,	   range	  18-­‐26	  years)	   of	   the	  Radboud	  University	  Nijmegen	  participated	   in	   the	  experiment.	  All	  participants	  had	  a	  score	  of	  10	  or	   lower	  on	  the	  Beck	  Depression	  Inventory	  (BDI;	  Beck,	  Ward,	  Mendelson,	  Mock,	  &	  Erbaugh,	  1961).	  Participants	  had	  normal	  or	  corrected-­‐to-­‐normal	  vision	  and	  were	  compensated	  for	  their	  participation	  with	  either	  course	  credit	  points	  or	  10	  Euros.	  Participants	  were	  told	  beforehand	  that	  the	  experiment	  contained	  potentially	  highly	  arousing	  emotional	  pictures	  and	  gave	  written	  informed	  consent	  according	  to	  the	  local	  ethics	  committee	  of	  the	  faculty	  of	  social	  sciences	  of	  the	  Radboud	  University	  Nijmegen,	  and	  the	  declaration	   of	   Helsinki.	   We	   only	   included	   female	   participants	   in	   the	   current	   experiment	   for	   two	  reasons:	  Firstly,	  it	  has	  been	  shown	  that	  females	  tend	  to	  be	  more	  responsive	  to	  emotional	  stimuli	  and	  might	  process	  them	  more	  automatically	  than	  males	  (Lithari	  et	  al.,	  2010).	  Secondly,	  women	  tend	  to	  rate	   a	   greater	   proportion	   of	   pictures	   as	   highly	   arousing	   (Canli,	   Desmond,	   Zhao,	   &	   Gabrieli,	   2002)	  and,	  consequently,	  the	  individually	  perceived	  arousal	  between	  different	  stimulus	  types	  may	  differ	  to	  a	  larger	  extent	  for	  females	  than	  for	  males.	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2.2	  Material	  2.2.1	  Stimuli	  The	  stimuli	  for	  the	  WM	  and	  LTM	  task	  were	  drawn	  from	  the	  IAPS	  (Lang,	  2008).	  The	  IAPS	  is	  a	  stimulus	  set	  of	  colour	  pictures,	  which	  communicate	  their	  affective	  quality	  relatively	  quickly.	  We	  selected	  IAPS	  stimuli	   on	   the	   basis	   of	   their	   valence	   (positive	   vs.	   negative	   vs.	   neutral)	   and	   arousal	   (low	   vs.	   high)	  ratings.	   Since	  neutral	   stimuli	   are,	   by	  definition,	   not	   arousing,	   the	  pictures	  were	   compiled	   into	   five	  different	  categories:	  (1)	  high-­‐arousal	  positive,	  (2)	  low-­‐arousal	  positive,	  (3)	  high-­‐arousal	  negative,	  (4)	  low-­‐arousal	   negative	   and	   (5)	   neutral	   pictures.	   In	   total	   250	   IAPS	   pictures	   were	   selected,	   125	   low	  arousal	   /	  neutral	  pictures	   (Valence:	  M	   =	  5.14,	  SD	   =	  2.06,	  Arousal:	  M	   =	  3.71,	  SD	   =	  2.06),	   as	  well	   as	  additional	  25	  pictures	  per	  category.	  Efforts	  were	  made	  to	  match	  the	  stimuli	  across	  categories	  with	  respect	   to	   the	   content	   (e.g.,	   presence	   of	   people,	   animals).	   In	   addition,	   since	   the	   IAPS	   stimulus	   set	  contains	  many	   photos	   of	   the	   same	   object	   type	   (e.g.,	  many	   snakes	   and	   spiders),	   we	   did	   not	   select	  more	  than	  three	  of	  each	  type	  and	  care	  was	  taken	  that	  all	  stimuli	  could	  be	  discriminated	  well	   from	  each	  other.	  To	  check	  whether	  arousal	  and	  valence	  were	  accordingly	  matched,	  a	  one-­‐way	  MANOVA	  with	   the	   six	   levels	   of	   Category	   as	   between-­‐subjects	   factor	   was	   run	   on	   the	   Arousal	   and	   Valence	  ratings	   of	   female	   participants	   as	   provided	   by	   Lang,	   Bradley	   and	   Cuthbert	   (2008).	   The	   ratings	  differed	  in	  the	  intended	  and	  manipulated	  way,	  for	  example:	  positive	  high-­‐arousal	  pictures	  did	  differ	  from	  negative	  high-­‐arousal	  pictures	   in	   terms	  of	   their	  valence	   (p	  <	   .0005)	   level	  but	  not	   in	   terms	  of	  arousal	   levels	  (p	  =	   .95).	   In	  addition,	  arousal	   levels	  of	  the	  neutral	  pictures	  was	  lower	  than	  those	  for	  both	  positive	  (p	  =	   .02)	  and	  negative	   low-­‐arousal	   (p	  =	   .004)	  stimuli,	  whereas	   the	   latter	   two	  did	  not	  differ	  significantly	  from	  each	  other	  (p	  =	  .69;	  see	  Table	  1).	  	  	  
Table	   1.	   Mean	   (SD)	   of	   valence	   (V)	   and	   arousal	   (A)	   ratings	   for	   the	   five	   different	   stimuli	   categories	   as	  provided	  by	  Lang	  et	  al	  (2008).	  	  	   	   	   Valence	   	  	  Arousal	   	  Low	  	  High	  	  
Positive	  V	  =	  7.72	  (0.49)	  A	  =	  4.05	  (0.33)	  V	  =	  7.49	  (0.42)	  A	  =	  6.30	  (0.41)	  
Negative	  V	  =	  3.05	  (0.61)	  A	  =	  4.14	  (0.30)	  V	  =	  2.90	  (0.46)	  A	  =	  6.28	  (0.40)	  
Neutral	  V	  =	  5.19	  (0.64)	  A	  =	  3.65	  (0.93)	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2.2.2	  Procedure	  2.2.2.1	  DMS/WM	  task	  The	  delayed-­‐match-­‐to-­‐sample	  task	  was	  a	  five-­‐pair	  associative	  WM	  task.	  The	  encoding	  phase	  of	  each	  trial	  consisted	  of	  five	  consecutively	  presented	  picture	  pairs,	  with	  each	  pair	  being	  shown	  for	  2.0	  s	  and	  separated	  from	  each	  other	  by	  a	  0.5s	  ISI,	  during	  which	  a	  white	  fixation	  cross	  on	  a	  black	  background	  was	  presented.	  Each	  pair	  consisted	  of	  one	  emotionally	  neutral	  picture	  and	  one	  picture	  of	  which	  the	  emotional	  content	  was	  manipulated	  (hereafter	  referred	  to	  as	  the	  “emotional”	  picture,	  which	  could	  be	  a	  high-­‐arousal	  positive,	  low-­‐arousal	  positive,	  high-­‐arousal	  negative,	  low-­‐arousal	  negative	  or	  another	  neutral	   picture).	   The	   location	   of	   the	   two	  pictures	   (i.e.,	   on	   the	   left	   or	   right	   side	   of	   the	   screen)	  was	  randomized.	   In	   addition,	   the	   emotional	   content	   of	   the	   emotional	   picture	   varied	   across,	   but	   not	  within,	  trials.	  Participants	  were	  asked	  to	  remember	  the	  five	  picture	  pairs	  over	  a	  delay	  phase	  of	  ten	  seconds,	  whilst	  looking	  at	  a	  fixation	  cross.	  The	  following	  probe	  phase	  consisted	  of	  five	  consecutively	  presented	   picture	   pairs,	   each	   shown	   for	   2s.	   For	   each	   pair,	   participants	   were	   asked	   to	   indicate	  whether	   it	   matched	   one	   of	   the	   five	   pairs	   of	   the	   encoding	   phase	   of	   that	   trial.	   Participants	   were	  instructed	  to	  respond	  as	  fast	  as	  possible	  without	  sacrificing	  accuracy.	  Non-­‐matches	  were	  intra-­‐trial	  re-­‐arranged	  pairings	   so	   that	   judgements	   could	  not	  be	  based	  upon	   the	   familiarity	  of	   the	   individual	  items.	  Moreover,	   the	   location	   of	   the	   two	   pictures	  was	   again	   randomized	   for	   each	   pair	   so	   that	   the	  same	  picture	  could	  be	  either	   in	  the	  same	  location	  as	  during	  the	  encoding	  phase	  or	  not.	   In	  total,	  20	  trials	   were	   administered,	   yielding	   100	   decisions	   to	   be	   made	   or	   20	   per	   condition/category.	   Per	  condition,	   10	   of	   the	   20	   test	   pairs	  were	  matches	   and	   the	   remaining	   10	  were	   non-­‐matches.	  On	   any	  given	   trial,	   there	   were	   only	   two	   or	   three	   matches.	   Participants	   were	   unaware	   of	   this	   restriction	  however.	  Preceding	  the	  WM	  task,	  participants	  received	  written	  instructions	  and	  were	  administered	  two	  practice	  trials.	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Fig.	  1.	  Schematic	  overview	  of	  the	  delayed-­‐match-­‐to-­‐sample-­‐task	  (a)	  and	  the	  two	  long-­‐term	  memory	  tasks	  (b	  and	  c).	  	  Panel	   (a)	   shows	   a	   schematic	   representation	   of	   one	   trial	   of	   the	   delayed-­‐match-­‐to-­‐sample	  task	  (with	  high-­‐arousal	  stimuli).	  	  (b)	   One	   example	   of	   a	   trial	   of	   the	   single	   item	   LTM	   task.	   In	   the	   actual	   experiment,	   the	  confidence	   scale	   consisted	  of	   the	   scale,	   the	  numbers	  and	  a	   short	   explanation	  underneath	  each	  number	  (e.g.	  “definitely	  not	  seen”	  beneath	  “1”;	  “definitely	  seen”	  beneath	  “6”	  etc.).	  (c)	  One	  trial	  of	  the	  subsequent	  LTM	  Binding	  task.	  In	  the	  actual	  experiment,	  the	  confidence	  scale	  consisted	  of	  the	  scale,	  the	  numbers	  and	  a	  short	  explanation	  underneath	  each	  number	  (e.g.	   “definitely	   seen	   with	   the	   left	   picture”	   beneath	   “1”;	   “definitely	   seen	   with	   the	   right	  picture”	  beneath	  “6”	  etc.).	  	  2.2.2.2	  Single-­‐item	  LTM	  task	  After	  completion	  of	   the	  WM	  task,	  participants	  received	   instructions	   for	  the	  unexpected	  single-­‐item	  LTM	  task.	  The	  task	  was	  a	  yes/no	  recognition	  memory	  task	  and	  each	  trial	  consisted	  of	  an	  emotional	  picture	  that	  either	  was	  or	  was	  not	  presented	  during	  the	  WM	  task	  (“old”	  or	  “new”,	  respectively).	  Only	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emotional	  pictures	  that	  were	  presented	  as	  a	  match	  in	  the	  WM	  probe	  phase	  were	  used	  for	  this	  task	  and	  analyses	  were	  restricted	  to	  items	  that	  were	  (as	  a	  pair	  together	  with	  the	  non-­‐emotional	  stimulus)	  correctly	  processed	  during	  the	  WM	  task.	  This	  was	  done	  in	  order	  to	  correct	  for	  WM	  performance	  and	  to	  ensure	  as	  reliably	  as	  possible	  that	  results	  on	  the	  LTM	  task	  were	  not	  contaminated	  by	  performance	  on	  the	  WM	  task.	  Participants	  were	  instructed	  to	  rate	  each	  stimulus	  on	  a	  confidence	  scale	  that	  ranged	  from	  1	  (“definitely	  not	  seen	  during	  the	  WM	  task”)	  to	  6	  (“definitely	  seen”)	  by	  pressing	  corresponding	  buttons	  on	  the	  keyboard.	  	  2.2.2.3	  LTM	  binding	  task	  The	  effect	  of	  valence	  and	  arousal	  on	  associative	  LTM	  was	  assessed	  with	  an	  unexpected	  subsequent	  recognition	   memory	   task,	   administered	   after	   the	   single	   item	   LTM	   task	   (see	   Fig.	   1).	   Each	   trial	  consisted	  of	  one	  emotional	  picture	  that	  was	  depicted	  in	  the	  upper	  part	  of	  the	  screen	  and	  two	  non-­‐emotional	   pictures	   that	   were	   presented	   below	   and	   next	   to	   each	   other.	   The	   location	   of	   these	   two	  stimuli	  (i.e.,	  left	  or	  right)	  was	  randomized.	  	  One	  of	  these	  non-­‐emotional	  pictures	  was	  paired	  with	  the	  emotional	  picture	  during	   the	  encoding	  phase	  and	  also	  probed	  during	   the	  WM	  task	  (i.e.,	   the	  pair	   in	  question	   was	   presented	   twice	   during	   the	  WM	   task).	   The	   second	   non-­‐emotional	   picture	   was	   also	  presented	   during	   the	   WM	   task	   but	   was	   part	   of	   a	   re-­‐arranged	   pair	   during	   the	   WM	   probe	   phase.	  Hence,	   all	   stimuli	   were	   presented	   twice	   during	   the	  WM	   task	   and	   judgements	   could	   not	   be	   based	  upon	   familiarity	   of	   one	   of	   the	   individual	   items.	   The	   participants’	   task	   was	   to	   choose	   the	   correct	  pairing	   and	   could	   rate	   each	   decision	   on	   a	   confidence	   scale	   that	   ranged	   from	   1	   (“definitely	   seen	  together	  with	   the	   left	  picture”)	   to	  3	   (“not	   sure,	  but	  maybe	   seen	  with	   the	   left	  picture”)	   and	   from	  4	  (“not	   sure,	   but	  maybe	   seen	  with	   the	   right	   picture”)	   to	   6	   (“definitely	   seen	   together	  with	   the	   right	  picture”).	   The	   confidence	   scale	  was	   depicted	   at	   the	   lower	   part	   of	   the	   screen	   throughout	   the	   LTM	  task.	  The	  task	  was	  self-­‐paced	  and	  test	  pairs	  were	  separated	  from	  each	  other	  by	  a	  500ms	  ISI.	  See	  Fig.	  1	  for	  more	  details.	  
2.3	  Statistical	  analyses	  The	   data	   were	   submitted	   to	   separate	   Repeated	   Measures	   ANOVA’s	   with	   either	   Corrected	  Recognition	   (Hit	   Rate	   –	   False	   Alarm	   Rate)	   or	   A’	   as	   dependent	   variables.	   Because	   of	   the	   very	   low	  number	  of	  false	  alarms	  (e.g.,	  on	  average,	  the	  false	  alarm	  rate	  for	  the	  single	  item	  LTM	  task	  was	  2%),	  A’	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instead	  of	  d’	  was	  chosen	  as	  a	  signal-­‐detection	  measure.	  A’	  prime	  was	  calculated	  as	  follows:	  A′	  =	  0.5	  +	  (HR	   −	   FAR)(1	   +	   HR	   −	   FAR)	   /	   4HR(1	   −	   FAR),	   where	   HR	   is	   the	   individual	   Hit	   Rate	   and	   FAR	   the	  individual	  False	  Alarm	  Rate.	  Since	  the	  binding	  LTM	  task	  was	  a	  two-­‐alternative	  forced	  choice	  task,	  no	  false	  alarm	  could	  be	  defined,	  therefore	  “Proportion	  Correct”	  was	  used	  as	  the	  outcome	  measure.	  
3.	  Results	  
3.1	  DMS/WM	  task	  First,	  a	  Repeated	  Measures	  ANOVA	  with	  Arousal	  (neutral	  vs.	  low	  vs.	  high)	  was	  conducted	  on	  the	  ‘Hit	  Rate	  –	  False	  Alarm	  Rate’	  of	  the	  WM	  task	  (table	  2	  provides	  a	  summary	  of	  hit	  and	  false	  alarm	  rates	  as	  well	  as	  sensitivity	  measures	  for	  all	  three	  administered	  memory	  tasks).	  This	  analysis	  yielded	  a	  main	  effect	  of	  Arousal,	  F(2,41)	  =	  4.27,	  p	  =	   .02,	  ηp²	  =	   .17).	  Post-­‐hoc	  t-­‐tests	  showed	  that	  pairs	  consisting	  of	  high-­‐arousal	   pictures	   (M	   =	   0.77)	  were	   less	   likely	   to	   be	   correctly	   processed	   than	   pairs	   containing	  neutral	  (M	  =	  .84,	  p	  =	  .006)	  or	  low-­‐arousal	  pictures	  (M	  =	  .83,	  p	  =	  0.05).	  See	  Fig.	  2	  (left	  panel)	  for	  more	  details,	   A	  similar	  analysis	  was	  run	  with	  A’	  as	   the	  dependent	  measure.	  This	   time,	   the	  main	  effect	  of	  Arousal	  just	  failed	  to	  reach	  significance	  (F(2,41)	  =	  2.80,	  p	  =	   .07,	  ηp²	  =	   .12,	  MSE	  =	  0.003).	  Only	  post-­‐hoc	  t-­‐tests	  confirmed	  that	  pairs	  consisting	  of	  low-­‐arousal	  pictures	  were	  better	  processed	  (A’	  =	  0.95)	  than	  pairs	  containing	  high-­‐arousal	  pictures	  (A’	  =	  0.93,	  p	  =	  .02),	  while	  there	  was	  only	  a	  trend	  towards	  neutral-­‐neutral	  picture	  pairs	  being	  better	  processed	  (A’	  =	  .95)	  than	  pairs	  with	  high-­‐arousal	  pictures	  (p	  =	  .09).	  Omitting	   the	   neutral/neutral	   pairs,	   another	   Repeated	   Measures	   ANOVA	   with	   Valence	  (positive	   vs.	   negative)	   and	   Arousal	   (low	   vs.	   high)	   as	   within-­‐subjects	   factors	   and	   ‘Corrected	  Recognition‘	  (Hit	  Rate	  –	  False	  Alarm	  rate)	  as	  dependent	  variable	  was	  run	  (Fig.	  2,	  right	  panel).	  Both	  a	  significant	  main	  effect	  of	  Valence	  (F(1,42)	  =	  5.15,	  p	  =	  .028,	  ηp²	  =	   .109,	  MSE	  =	  0.023)	  and	  of	  Arousal	  (F(1,42)	  =	  8.52,	  p	  =	  .006,	  ηp²	  =	  .169,	  MSE	  =	  0.016)	  were	  obtained.	  These	  main	  effects	  were	  qualified	  by	  a	   significant	   interaction	  between	   these	   two	   factors,	   (F(1,42)	  =	  4.75,	  p	  =	   .035,	  ηp²	  =	   .102,	  MSE	  =	  0.023).	  Post-­‐hoc	  analyses	  showed	  that	  this	  was	  driven	  by	  a	  better	  memory	  for	  pairs	  containing	  low-­‐arousal	  positive	  pictures	  (M	  =	   .877)	  relative	   to	   the	  other	   three	  possible	  combinations	  (all	  p-­‐values	  	  ≤	  .002)	  whereas	  the	  latter	  three	  did	  not	  differ	  significantly	  from	  each	  other	  (all	  t’s	  <	  1).	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Fig.	  2.	  Bar	  graphs	  of	  the	  results	  of	  the	  delayed-­‐match-­‐to	  sample	  (WM)	  task.	  Left	  panel:	  Hit	  –	  False	  Alarm	  Rates	   for	  pairs	  consisting	  of	  one	  neutral	  and	  either	  another	  neutral	  or	  a	  low-­‐	  or	  high	  arousal	  picture.	  	  Right	   panel:	   Corrected	   Recognition	   when	   considering	   Valence	   levels.	   Particularly	   pairs	  containing	  a	  low-­‐arousal	  positive	  picture	  were	  more	  likely	  to	  be	  correctly	  remembered.	  Error	  bars	  represent	  the	  standard	  error	  of	  mean.	  	  A	   similar	   analysis	   with	   A’	   as	   the	   dependent	   variable	   revealed	   the	   same	   main	   effects	   of	  Arousal	  (F(1,42)	  =	  5.20,	  p	  =	  .03,	  ηp²	  =	  .11,	  MSE	  =	  0.003)	  and	  Valence	  (F(2,41)	  =	  4.82,	  p	  =	  .03,	  ηp²	  =	  .10,	  
MSE	  =	  0.018).	  The	  interaction	  between	  these	  two	  factors,	  however,	  just	  failed	  to	  reach	  significance,	  (F(2,41)	  =	  3.72,	  p	  =	   .06,	  ηp²	  =	   .08,	  MSE	  =	  0.004).	  As	  can	  be	  seen	   in	  Table	  2,	   the	  pattern	   looks	  very	  similar	  to	  the	  analysis	  with	  the	  corrected	  recognition	  as	  dependent	  measure;	  with	  pairs	  consisting	  of	  low-­‐arousal	  positive	  pictures	  being	  most	  likely	  to	  be	  correctly	  processed.	  See	  Fig.	  2	  for	  more	  details.	  
3.2	  LTM	  task:	  Single	  item	  To	  ensure	  that	  performance	  on	  the	  WM	  task	  did	  not	  confound	  the	  results	  of	  the	  LTM	  tasks,	  only	  ‘hits’	  of	   the	   WM	   task	   were	   considered	   in	   these	   analyses.	   Thus,	   incorrect	   trials	   of	   the	   WM	   task	   were	  excluded	  from	  analyses	  when	  computing	  the	  hit	  rate	  of	   the	  LTM	  tasks.	  A	  LTM	  “hit”	  was	  defined	  as	  correctly	  endorsing	  a	  picture	  as	   “old”	  with	  high	   confidence	   (i.e.,	   5	  &	  6	   ratings).	   False	  alarms	  were	  defined	   as	   incorrectly	   identifying	   a	   picture	   as	   “old”	   with	   high	   confidence	   (i.e.,	   5	   &	   6	   ratings).	   An	  initial	  Repeated	  Measures	  ANOVA	  with	  Arousal	   (neutral	  vs.	   low	  vs.	  high)	  as	  within-­‐subjects	   factor	  and	  ‘Corrected	  Recognition’	  as	  dependent	  variable	  did	  not	  reveal	  a	  main	  effect	  of	  Arousal	  (F(2,41)	  =	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2.26,	   p	   =	   .12,	   ηp²=	   .099;	   see	   Fig.	   3,	   left	   panel).	   The	   analogous	   analysis	   with	   A’	   as	   the	   dependent	  measure	  did	  not	  yield	  a	  main	  effect	  of	  Arousal	  either	  (F(2,41)	  =	  2.12,	  p	  =	  .13,	  ηp²	  =	  .09,	  MSE	  =	  0.003).	  
	  
Fig.	  3.	  Bar	  graphs	  of	  the	  results	  of	  the	  single-­‐item	  LTM	  task.	  Left	  panel:	  ‘Hit	  –	  False	  Alarm	  Rates’	  for	  neutral,	  low-­‐arousal	  and	  high-­‐arousal	  items	  in	  the	  single	  item	  LTM	  task.	  No	  significant	  differences	  were	  found.	  Right	   panel:	   Corrected	   Recognition	   when	   considering	   Valence	   levels.	   No	   statistically	  reliable	  differences	  were	  found.	  	  Subsequently,	   a	   2	   (Valence:	   positive	   vs.	   negative)	   ×	   2	   (Arousal:	   low	   vs.	   high)	   Repeated	  Measures	  ANOVA	  was	  conducted	  to	  evaluate	  the	  effect	  of	  both	  Valence	  and	  Arousal	  on	  single	   item	  LTM	  (Fig.	  3,	  right	  panel).	  This	  analysis	  did	  neither	  reveal	  main	  effects	  of	  Valence	  (F(1,42)	  =	  1.68,	  p	  =	  .20,	  ηp²=	  .039),	  Arousal	  (F(1,42)	  =	  1.61,	  p	  =	  .21,	  ηp²=	  .037)	  nor	  an	  interaction	  effect	  (F(1,42)	  =	  1.13,	  
p	  =	  .29,	  ηp²=	  .026).	  The	  analysis	  with	  A’	  revealed	  identical	  results,	  with	  no	  main	  effects	  of	  Arousal	  (F	  <	   1)	   and	   Valence	   (F(1,42)	   =	   2.13,	   p	   =	   .15,	   ηp²	   =	   .05,	  MSE	   =	   0.001),	   and	   no	   significant	   interaction	  (F(1,42)	  =	  1.46,	  p	  =	  .23,	  ηp²	  =	  .03,	  MSE	  =	  0.001).	  See	  Fig.	  3	  for	  more	  details.	  
3.3	  LTM	  task:	  Binding	  condition	  Again	  a	  “hit”	  was	  defined	  as	  correctly	  endorsing	  pairs	  as	  intact	  with	  high	  confidence	  (1	  &	  2	  ratings	  or	  5	   &	   6	   ratings,	   depending	   on	   the	   location	   of	   the	   matching	   picture).	   An	   initial	   Repeated	   Measures	  ANOVA	  with	  Arousal	  (neutral	  vs.	  low	  vs.	  high)	  as	  within	  subjects	  factor	  and	  ‘Proportion	  ‘Correct’	  as	  dependent	  variable	  was	  conducted.	  Again,	  a	  main	  effect	  of	  Arousal	  was	  obtained,	  F(2,41)	  =	  6.30,	  p	  =	  .004,	  ηp²	  =	  .235,	  MSE	  =	  0.048	  (Fig.	  4,	  left	  panel).	  As	  in	  the	  WM	  task,	  stimulus	  pairs	  containing	  low-­‐
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arousal	   pictures	   (M	   =	   .89)	   were	   equally	   well	   remembered	   than	   neutral/neutral	   picture	   pairs	   (M	  =	   .88,	  p	   =.	   42),	   but	   both	   stimulus	   types	  were	   better	   recalled	   than	   pairs	   consisting	   of	   high-­‐arousal	  pictures	  (M	  =	  .84;	  p	  =	  .001	  and	  p	  =	  .01,	  respectively).	  	  
	  
Fig.	  4.	  Bar	  graphs	  of	  the	  results	  of	  the	  associative	  LTM	  task.	  Left	   panel:	   Proportion	   Correct	   for	   pairs	   consisting	   of	   one	   neutral	   picture	   and	   another	  neutral	  or	  a	  low-­‐	  or	  high	  arousal	  picture.	  Pairs	  consisting	  of	  high-­‐arousal	  picture	  were	  less	  likely	  to	  be	  remembered	  in	  the	  LTM	  task.	  	  Right	   panel:	   Proportion	   Correct	   when	   considering	   Valence	   levels.	   Particularly	   pairs	  containing	  high-­‐arousal	  positive	  picture	  were	  less	  likely	  to	  be	  remembered.	  Error	  bars	  represent	  the	  standard	  error	  of	  mean.	  	  Omitting	  the	  neutral/neutral	  pairs,	  a	  2	  (Valence:	  positive	  vs.	  negative)	  ×	  2	  (Arousal:	  low	  vs.	  high)	  Repeated	  measures	  ANOVA	  was	  conducted	  (Fig.	  4,	  right	  panel).	  Again,	  a	  main	  effect	  of	  Arousal	  was	  found,	  F(1,42)	  =	  12.94,	  p	  =	  .001,	  ηp²	  =	  .236,	  MSE	  =	  0.011.	  Pairs	  consisting	  of	  low-­‐arousal	  pictures	  (M	  =	  89.8%)	  were	  significantly	  better	  remembered	  than	  pairs	  consisting	  of	  high-­‐arousal	  pictures	  (M	  =	  84.0%).	  Moreover,	  neither	  a	  main	  effect	  of	  Valence	  (F	  <	  1),	  nor	  an	  interaction	  effect	  (F(1,42)	  =	  1.79,	  
p	  =	  .19,	  ηp²	  =	  .041,	  MSE	  =	  0.012)	  was	  obtained.	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Table	  2.	   	  Hit	  (HR),	  false	  alarm	  rates	  (FAR),	  the	  sensitivity	  measure	  A’,	  and	  Proportion	  Correct	  (PR)	  as	  a	  function	  of	  task	  and	  condition.	  	   	   	   Condition	   	   	  	   neutral	   positive/	  low	   positive/	  high	   negative/	  low	   negative/	  high	  WM	   HR	  =	  .91	  FAR	  =	  .07	  A’	  =	  .95	  
HR	  =	  .93	  FAR	  =	  .05	  A’	  =	  .97	  
HR	  =	  .88	  FAR	  =	  .10	  A’	  =	  .93	  
HR	  =	  .89	  FAR	  =	  .11	  A’	  =	  .93	  
HR	  =	  .89	  FAR	  =	  .12	  A’	  =	  .93	  LTM	  single	   HR	  =	  .89	  FAR	  =	  .06	  A’	  =	  .96	  
HR	  =	  .88	  FAR	  =	  .01	  A’	  =	  .97	  
HR	  =	  .88	  FAR	  =	  .01	  A’	  =	  .97	  
HR	  =	  .90	  FAR	  =	  .04	  A’	  =	  .96	  
HR	  =	  .86	  FAR	  =	  .01	  A’	  =	  .96	  LTM	  binding	   PR	  =	  .89	   PR	  =	  .91	   PR	  =	  .83	   PR	  =	  .88	   PR	  =	  .85	  	  
	  
4.	  Discussion	  To	  our	  knowledge,	  the	  present	  paper	  is	  the	  first	  to	  investigate	  the	  effects	  of	  valence	  and	  arousal	  for	  inter-­‐item	  WM	  binding,	   single-­‐item	  LTM	  and	   inter-­‐item	  binding	  LTM	  tasks,	  using	   the	  same	  stimuli	  and	  highly	  similar	   task	  requirements	   for	  WM	  and	  LTM	  tasks.	   In	   the	  administered	  WM	  (DMS)	   task,	  picture	  pairs	  consisting	  of	  one	  neutral	  picture	  as	  well	  as	  one	  picture	  of	  which	  the	  emotional	  quality	  was	  manipulated	   (the	   emotional	   picture),	  were	   to	   be	   remembered	   in	   each	   trial	   and	   tested	   after	   a	  short	  delay	  of	  10	  seconds.	  After	  completion	  of	   the	  WM	  task,	  memory	   for	   the	  emotional	  picture,	  as	  well	  as	  the	  pairing	  was	  tested	  again	  in	  a	  single	  item	  LTM	  and	  a	  binding	  LTM	  task.	  Results	  showed	  a	  “reversed”	   arousal	   effect	   for	   the	  WM	   binding	   task;	   pairs	   consisting	   of	   low-­‐arousal	   or	   two	   neutral	  stimuli	   were	  more	   likely	   to	   be	   correctly	   processed	   than	   pairs	   consisting	   of	   high-­‐arousal	   pictures.	  Taking	  affective	  valence	   into	  account,	   it	  was	  shown,	  however,	   that	   the	  advantageous	  effect	  of	   low-­‐arousal	  stimuli	  was	  specific	  for	  positive	  valence.	  Similar	  “detrimental”	  arousal	  effects	  were	  found	  for	  the	   LTM	   binding	   task.	   On	   this	   occasion,	   however,	   no	   interaction	   effect	   was	   found	   and	   pairs	  consisting	   low-­‐arousal	   pictures	   were	   better	   remembered	   than	   pairs	   with	   high-­‐arousal	   stimuli,	  irrespective	  of	   their	  affective	  valence.	   	  Finally,	  no	  significant	  effects	  were	   found	  for	   the	  single	   item	  LTM	  task.	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4.1	  Working	  memory	   	  The	  “detrimental”	  effects	  of	  arousal	  on	  the	  administered	  inter-­‐item	  WM	  binding	  task	  are	  in	  line	  with	  our	  hypotheses	  and	  with	  previous	  studies	  that,	  when	  compared	  across	  studies,	  indicated	  differential	  effects	  for	  inter-­‐	  vs.	  intra-­‐item	  WM	  binding	  tasks.	  Our	  data	  also	  support	  the	  object-­‐based	  framework	  proposed	  by	  Mather	   (2007)	   that	   explains	   the	  differential	   results	   on	   these	   two	   types	  of	   tasks	  with	  (additional)	  attentional	  processes	  required	  for	  inter-­‐item	  WM	  binding	  tasks	  compared	  to	  intra-­‐item	  binding	  tasks:	  In	  this	  view,	  arousing	  stimuli	  are	  thought	  to	  automatically	  capture	  the	  attention	  and	  that	  this	  increased	  attention	  towards	  arousing	  stimuli	  is	  disengaged	  more	  slowly	  when	  compared	  to	  neutral	   stimuli	   (Horstmann,	   Scharlau,	   &	   Ansorge,	   2006;	   McKenna	   &	   Sharma,	   2004).	   As	   a	  consequence,	  the	  attended	  item	  and	  its	  subcomponents	  are	  thought	  to	  be	  perceived	  and	  bound	  into	  one	  coherent	  object	  representation,	  whereas	  other,	   less-­‐attented,	  objects	  and,	  thus,	  object-­‐scene	  or	  object-­‐object	   interrelationships	  tend	  to	  be	   ignored	  (Levine	  &	  Edelstein,	  2009).	  Hence,	   the	   focus	  on	  arousing	   stimuli	   may	   leave	   insufficient	   attentional	   resources	   that	   would	   be	   required	   for	   binding	  inter-­‐item	   relationships	   (Moore	   &	   Egeth,	   1997)	   and	   thus	   might	   be	   detrimental	   for	   inter-­‐item	  associations	   but	   be	   beneficial	   for	   memory	   for	   intra-­‐item	   associations	   (see	   also	   Jacobs	   &	   Nadel,	  1998).	  Interestingly,	   WM	   was	   compromised	   not	   only	   for	   pairs	   containing	   high	   arousal	   pictures;	   a	  significant	  valence	  by	  arousal	  interaction	  showed	  that	  pairs	  with	  negative	  low-­‐arousal	  pictures	  were	  less	   likely	   to	   be	   correctly	   processes.	   It	   may	   be	   hypothesized	   that	   negatively	   arousing	   stimuli	   in	  general	   tend	   to	   attract	   attention,	   thereby	   producing	   a	   cost	   for	   the	   binding	   process.	   Enhanced	  vigilance	   for	   negative	   and,	   hence,	   potentially	   threatening	   objects	   in	   general	  would	   not	   only	  make	  sense	   from	  an	   evolutionary	  point	   of	   view	   (the	  precise	   level	   of	   threat	  may	  be	   secondary),	   but	   also	  finds	  empirical	  support	   in	  the	  literature.	  For	  example,	   it	  has	  been	  shown	  that	  negative	  words	  slow	  down	   lexical	   decisions	   relative	   to	  positive	  words	   (Estes	  &	  Adelman,	   2008a,	   2008b;	  Pratto	  &	   John,	  1991).	   Slower	   responses	   to	   negative	   stimuli	   relative	   to	   positive	   or	   neutral	   stimuli	   have	   also	   been	  demonstrated	   in	   other	   paradigms,	   typically	   interpreted	   as	   being	   due	   to	   the	   automatic	   vigilance	  towards	  negative	  stimuli	  (Algom,	  Chajut,	  &	  Lev,	  2004;	  Wentura,	  Rothermund,	  &	  Bak,	  2000;	  however,	  see	  Schimmack,	  2005).	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4.2	  Long-­‐term	  memory:	  Single-­‐item	  task	  The	  current	   study	  did	  not	   confirm	  our	  hypothesis	   that	  high-­‐arousal	  pictures	  are	  more	   likely	   to	  be	  correctly	   remembered	  when	   tested	   individually.	   Possibly,	   the	   time	   interval	   between	   the	  WM	   and	  LTM	  task	  may	  have	  been	  too	  short	  to	  reveal	  significant	  differences.	  There	  is	  some	  evidence	  that	  the	  “typical”	  emotional	  enhancement	  effect	  increases	  with	  longer	  retention	  intervals	  (Cahill	  et	  al.,	  1996;	  Canli	  et	  al.,	  2000;	  Pierce	  &	  Kensinger,	  2011;	  Tabert	  et	  al.,	  2001)	  and	  it	  is	  therefore	  possible	  that	  the	  hypothesized	  arousal	  effect	  might	  have	  been	  obtained	  if	  the	  interval	  between	  the	  WM	  task	  and	  the	  single	  item	  LTM	  task	  had	  been	  increased.	  In	  addition,	  performance	  levels	  on	  the	  single-­‐item	  memory	  task	   were	   high	   (although	   only	   two	   participants	   scored	   at	   ceiling),	   possibly	   occluding	   the	  hypothesized	  effects.	  One	  solution	  to	  these	  two	  problems	  might	  be	  to	  increase	  the	  number	  of	  trials	  or	  to	  increase	  the	  similarity	  between	  target	  and	  distracting	  stimuli	  in	  the	  LTM	  task	  (as,	  for	  example,	  has	  been	  done,	  in	  Mather	  &	  Nesmith,	  2008).	  
4.3	  Long-­‐term	  memory:	  Binding.	  The	  LTM	  binding	   task	  revealed	  mostly	  similar	  arousal	  effects	  as	   the	  WM	  task.	  Again,	  picture	  pairs	  consisting	  of	  low-­‐arousal	  pictures	  were	  more	  likely	  to	  be	  remembered	  than	  pairs	  consisting	  of	  high-­‐arousal	   pictures.	   However,	   whereas	   the	   arousal	   effect	   on	   the	  WM	   task	   may	   be	   explained	   by	   the	  previously	  discussed	  arousal-­‐biased	  competition	  at	   the	  perceptual	   level	  and	  prioritized	  processing	  for	  arousing	  stimuli,	  this	  can	  scarcely	  explain	  the	  results	  of	  the	  LTM	  task.	  This	  is	  because	  only	  pairs	  that	  were	   correctly	  processed	   in	   the	  WM	   task	  were	   considered	   in	   the	  LTM	   task	   analyses,	   thereby	  equating	  WM	  performance.	  Hence,	  the	  “detrimental”	  effect	  of	  arousal	  on	  the	  LTM	  task	  can	  hardly	  be	  attributed	   to	  processes	  occurring	  during	   initial	   perception	   and	  encoding,	   but	  may	  be	  due	   to	  post-­‐encoding	  /	  consolidation	  processes.	  However,	  one	  may	  argue	  that	  (some)	  pairs	  consisting	  of	  a	  high-­‐arousal	  picture	  may	  have	  been	   less	  well	  processed	  during	   the	  WM	  task,	  without	  actually	   affecting	  performance	  on	  the	  WM	  decision	  task.	  Hence,	  whereas	  these	  relatively	  lower-­‐level	  representations	  might	   have	   been	   sufficient	   to	  make	   an	   accurate	  WM	  decision,	   performance	   on	   the	   LTM	   task	  may	  have	  suffered	  (Ranganath	  et	  al.,	  2005).	  On	  the	  other	  hand,	  other	  studies	  also	  suggest	  that	  processes	  after	  initial	  perception	  and	  encoding	  play	  a	  role	  in	  compromised	  LTM	  performance.	  For	  instance,	  a	  number	   of	   studies	   demonstrated	   impaired	   LTM	   for	   neutral	   items	   that	   occurred	   in	   temporal	   or	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spatial	   proximity	   to	   an	   arousing	   item,	   even	   when	   the	   temporal	   distance	   is	   as	   long	   as	   6	   seconds	  (Schmidt,	   2002).	  Moreover,	   Pierce	   and	  Kensinger	   (2011)	   reported	   two	   separate	   experiments	   that	  suggested	  differential	   consolidation	  processes	   for	  memory	  of	  word	  pairs	  consisting	  of	  emotionally	  positive	  relative	  to	  negative	  words.	  Furthermore,	  the	  fact	  that	  we	  found	  differential	  results	  for	  our	  WM	  and	  LTM	  binding	  task	  (with	  a	  significant	  Valence	  ×	  Arousal	  interaction	  for	  the	  former	  and	  only	  a	  main	   effect	   of	   Arousal	   for	   the	   latter)	   provides	   additional	   evidence	   that	   post-­‐encoding	   processes	  affect	  LTM	  performance.	   Finally,	   these	   results	   are	   in	   line	  with	   the	  proposal	   that	  negative	  affective	  valence	  may	   impair	   associative	  binding	   after	   a	   short	  delay,	   but	   improve	  binding	  processes	   after	   a	  longer	   delay	   (Pierce	   &	   Kensinger;	   2011).	   This	   issue	   can	   be	   explored	   further	   by	   increasing	   the	  interval	   between	   WM	   and	   LTM	   task,	   where	   one	   could	   expect	   that	   memory	   for	   picture	   pairs	  consisting	   of	   negative	   pictures	   may	   be	   superior	   to	   memory	   for	   positive	   pictures	   as	   the	   interval	  increases.	  	  On	  a	  final	  note,	  it	  may	  seem	  remarkable	  that	  performance	  on	  the	  binding	  LTM	  task	  was	  overall	  highly	   accurate;	  with	   an	   average	  proportion	   correct	   of	  87.3	  %.	  This	  may	  be	  due	   to	   three	   reasons:	  Firstly,	   performance	   on	   two-­‐alternative	   forced	   choice	   tasks	   is	   known	   to	   be	   more	   reliable	   and	  accurate	  than	  on	  yes/no	  recognition	  memory	  tasks	  (Jang,	  Wixted,	  &	  Huber,	  2009).	  Secondly,	  next	  to	  retrieving	   the	   relevant	   memory	   episode,	   participants	   might	   have	   remembered	   their	   own	   prior	  performance	   during	   the	   WM	   task	   which	   could	   serve	   as	   an	   additional	   cue,	   possibly	   improving	  memory	  performance.	  Finally,	  matching	  pairs	  of	  the	  LTM	  binding	  task	  were	  presented	  twice	  before,	  namely	   during	   the	   encoding	   and	   probe	   phase	   of	   the	  WM	   task	  whereas	   non-­‐matching	   pairs	   of	   the	  LTM	  task	  were,	  as	  a	  pairing	  as	  such,	  not	  shown	  before.	  These	  double	  encodings	  are	  a	  consequence	  of	  administering	  both	  a	  WM	  and	  a	  LTM	  task	  (see	  Bergmann	  et	  al.,	  2012	  for	  a	  more	  detailed	  discussion).	  It	   is	   rather	   complex	   to	   circumvent	   this	   problem	   in	   a	   two-­‐alternative-­‐forced-­‐choice	   associative	  recognition	  memory	  task	  and	  with	  the	  current	  setup	  of	  combining	  a	  WM	  and	  a	  LTM	  task,	  since	  both	  tasks	  would	  need	  to	  be	  changed.	  One	  option	  would	  be	  to	  change	  the	  LTM	  task	  in	  a	  way	  that	  the	  cue	  stimulus	  is	  presented	  together	  with	  the	  target	  stimulus,	  previously	  being	  paired	  with	  the	  cue	  during	  the	  encoding	  phase	  of	  the	  WM	  task,	  and	  the	  foil	  stimulus,	  previously	  being	  paired	  with	  the	  cue	  during	  the	  probe	  phase	  of	  the	  WM	  task.	  However,	  this	  would	  not	  only	  make	  the	  task	  a	  rather	  complex	  task	  in	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which	  participants	  would	   be	   required	   to	   reject	   the	  most	   recently	   experienced	   stimulus	   pairs	   and,	  thus,	   make	   the	   task	   essentially	   a	   source	   memory	   task.	   Also,	   applying	   a	   “correction”	   for	   WM	  performance,	   as	   employed	   in	   the	  present	  paper,	  would	  be	  nearly	   impossible	   since	   the	   ‘cue-­‐target’	  pairing	  would	  not	   have	  been	  probed	  during	   the	  WM	   task.	  A	   second	   alternative	  would	  be	   to	   leave	  some	  pairs	  unprobed	  during	  the	  WM	  task	  but	  instead	  test	  them	  later	  in	  the	  LTM	  task.	  This	  approach,	  however,	  would	  also	  render	  the	  applied	  “WM	  performance	  correction”	  complex.	  In	  addition,	  it	  would	  require	  a	  larger	  number	  of	  trials	  and/or	  more	  stimuli,	  which	  was	  not	  feasible	  with	  the	  present	  setup	  of	   the	  experiment	  and	   the	   IAPS	  stimulus	  database.	  Nevertheless,	   future	   studies	   could	  evaluate	   the	  effect	  of	  these	  double	  encodings	  by	  comparing	  the	  three	  alternatives	  in	  an	  appropriate	  study	  design.	  
4.4	  Conclusion	  	  In	  summary,	  we	  demonstrated	  negative	  effects	  of	  arousal	  on	  both	  an	  inter-­‐item	  WM	  and	  inter-­‐item	  LTM	  task,	  using	  identical	  stimuli	  and	  highly	  similar	  task	  demands	  for	  these	  two	  kinds	  of	  tasks.	  Whereas	  attentional	  processes	  may	  explain	  the	  “detrimental	  effects”	  of	  arousal	  on	  WM	  performance,	  lower	  performance	  on	  the	  LTM	  task	  is	  likely	  due	  to	  post-­‐encoding	  processes,	  differentially	  affecting	  pairs	  consisting	  of	  positive	  and	  negative	  stimuli.	  Thus,	  at	  least	  some	  effects	  may	  not	  be	  generalized	  across	  valence	  levels,	  supporting	  the	  view	  that	  valence,	  the	  type	  of	  task	  and	  the	  interval	  between	  study	  and	  test	  needs	  to	  be	  considered	  when	  studying	  the	  effects	  of	  “emotion”	  on	  associative	  memory.	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1.	  Introduction	  The	   aim	   of	   the	   present	   thesis	   was	   to	   identify	   behavioral	   and	   neural	   differences	   between	   and	  commonalities	   of	   associative	   working	   memory	   (WM)	   and	   associative	   long-­‐term	   memory	   (LTM),	  using	   behavioral	   as	   well	   as	   functional	   neuroimaging	   studies	   in	   healthy,	   young	   participants.	   The	  presented	  studies,	  particularly	  the	  neuroimaging	  work,	  were	  based	  on	  the	  underlying	  rationale	  that	  “LTM	  may	  be	  needed	   to	  support	  performance	  even	  when	  memory	   is	   tested	   immediately	   following	  learning	   of	   new	   material”	   (Jeneson	   &	   Squire,	   2012,	   p.16)	   and,	   hence,	   that	   WM	   “involves	   the	  activation	   of	   many	   areas	   of	   the	   brain	   that	   involve	   LTM”	   (Baddeley,	   2012,	   p.18).	   Based	   on	   these	  assumptions,	  I	  argued	  that	  brain	  regions	  previously	  associated	  with	  (successful)	  WM	  might	  actually	  have	  been	  related	  to	  (incidental)	  LTM	  formation.	  Analogously,	  brain	  regions	  previously	  implicated	  in	  LTM	  might	   have	   been	  more	   exclusively	   related	   to	   processes	   more	   typically	   associated	   with	  WM.	  Hence,	  to	  obtain	  a	  clearer	  measure	  of	  which	  brain	  regions	  support	  either	  (associative)	  WM	  or	  LTM	  performance,	   I	  developed	  a	  combined	  associative	  WM	  and,	  using	   identical	   stimuli	  and	  similar	   task	  demands,	  an	  associative	  subsequent	  recognition	  memory	  task	  (LTM)	  task	  (see	  Fig.	  1	  for	  a	  “typical”	  paradigm	  used	  in	  all	  Chapters).	  As	  for	  the	  functional	  neuroimaging	  studies	  (Chapter	  2	  to	  4),	  the	  WM	  task	  was	  assessed	  in	  an	  event-­‐related	  fMRI	  design	  whereas	  the	  LTM	  task	  was	  typically	  administered	  after	  completion	  of	  the	  WM	  task	  and	  outside	  the	  scanner.	  This	  paradigm	  enabled	  me	  to	  statistically	  “correct”	  for	  potential	  confounds	  of	  either	  memory	  system	  when	  assessing	  the	  neural	  substrates	  of	  either	  WM	  or	  LTM.	  In	  addition,	  I	  investigated	  the	  effects	  of	  the	  length	  of	  uninterrupted	  maintenance	  during	   a	   WM	   task	   (Chapter	   5)	   and	   the	   effect	   of	   emotional	   stimuli	   (Chapter	   6)	   for	   both	   WM	  processing	  and	  LTM	  formation.	  
	  
Figure	  1.	  Schematic	  overview	  of	  the	  paradigm	  employed	  in	  all	  chapters.	  In	  the	  fMRI	  studies	  I	   investigated	  which	  brain	  regions	  were	  associated	  with	  a	  correct	  response	  on	  either	  WM	  or	  LTM	  task	  for	  each	  stage	  of	  the	  WM	  task.	  Critically,	  this	  approach	  allowed	  me	  to	  “correct”	  for	  possible	  confounding	  effects	  of	  either	  memory	  system	  when	  analyzing	   the	  underlying	  neural	  substrates	  of	  successful	  WM	  and	  LTM.	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2.	  Summary	  In	   Chapter	   2	   I	   investigated	   which	   brain	   regions	   support	   successful	   associative	   WM	  processing	  and	   (incidental)	  LTM	   formation	   for	   the	   same	  pairs	  of	   stimuli	  during	   the	  execution	  of	   a	  delayed-­‐match-­‐to-­‐sample	   (WM)	   task.	   More	   specifically,	   a	   four-­‐pair	   (faces	   and	   houses)	   delayed-­‐match-­‐to-­‐sample	  task	  was	  administered	  in	  an	  MRI	  scanner.	  Subsequently,	  an	  unexpected	  recognition	  memory	  (LTM)	  task	  was	  assessed	  outside	  the	  scanner.	  Brain	  activity	  during	  encoding	  of	  the	  stimulus	  pairs	  was	  analyzed	  based	  on	  WM	  and	  LTM	  performance.	  Hence,	  encoding-­‐related	  activity	  predicting	  WM	   success	   in	   the	   absence	   of	   successful	   LTM	   formation	   could	   be	   isolated.	   In	   addition,	   regions	  critical	  for	  successful	  LTM	  formation	  for	  pairs	  previously	  correctly	  processed	  in	  WM	  were	  analyzed.	  When	   minimizing	   the	   potential	   confound	   of	   incidental	   LTM	   formation,	   activation	   in	   higher-­‐level	  visuo-­‐perceptual	   processing	   areas	   associated	   with	   the	   type	   of	   presented	   stimuli	   was	   related	   to	  successful	  WM	  formation.	  That	  is,	  I	  found	  greater	  activation	  in	  fusiform	  gyrus	  and	  parahippocampal	  gyrus	  (possibly	  including	  the	  fusiform	  face	  area	  as	  well	  as	  the	  parahippocampal	  place	  area)	  for	  WM	  hits	   vs.	  WM	  misses	   when	   there	   was	   no	   evidence	   for	   successful	   LTM	   formation.	   Encoding-­‐related	  activity	  in	  the	  hippocampus,	  in	  contrast,	  was	  associated	  with	  successful	  LTM	  formation	  rather	  than	  WM	   processing.	   These	   results	   provided	   preliminary	   evidence	   that	   the	   hippocampal	   involvement	  reported	  in	  earlier	  studies,	  using	  more	  or	  less	  “typical”	  WM	  tasks,	  might	  have	  been	  associated	  with	  incidental	  LTM	  formation	  rather	  than	  actual	  WM	  processing.	  More	  general,	  the	  paradigm	  appeared	  to	   be	   fruitful	   and	   suitable	   to	   assess	   which	   brain	   regions	   support	   either	   successful	   WM	   or	   LTM	  performance	   during	   the	   execution	   of	   a	   WM	   task	   and	   therefore	   was	   adjusted	   in	   various	   ways	   to	  investigate	  questions	  that	  could	  not	  be	  answered	  with	  this	  first	  fMRI	  study.	  In	  Chapter	  3	  the	  paradigm	  was	  further	  extended	  and	  modified	  to	  analyze	  similar	  effects	  for	  other	  stages	  of	   the	  employed	  WM	  task;	   that	   is,	   for	   the	  maintenance	  as	  well	  as	   the	  probe	  phase.	   In	  addition,	  since	  there	  is	  some	  evidence	  that	  different	  stages	  of	  the	  maintenance	  phase	  are	  functionally	  dissociable	   and	  may	  also	  differentially	   contribute	   to	  LTM	   formation,	  we	   separately	  performed	   the	  subsequent	  memory	   effect	   analysis	   for	   an	   early	   stage	   of	   the	  WM	  maintenance	   phase	   and	   the	   late	  stage	  of	  WM	  maintenance.	  As	  hypothesized	  and	  most	  likely	  due	  to	  a	  relative	  insensitivity	  of	  fMRI	  to	  the	   neural	   mechanisms	   thought	   to	   underlie	   active	   WM	   maintenance,	   no	   voxels	   exhibited	   supra-­‐
	  	  
	  
152	  
threshold	  activation	  for	  the	  subsequent	  WM	  effect	  (WM	  hits	  vs.	  WM	  misses)	  during	  either	  early	  or	  late	   stage	   of	   the	   WM	   maintenance	   phase.	   A	   similar	   analysis	   for	   the	   probe	   phase	   demonstrated	  greater	  activation	  in	  a	  network	  previously	  described	  as	  a	  “retrieval	  success	  network”,	  consisting	  of	  anterior	   and	   posterior	  midline	   brain	   regions	   (medial	   prefrontal	   cortex,	   posterior	   cingulate	   cortex	  and	   precuneus)	   for	   WM	   hits	   vs.	   WM	   misses.	   Analogous	   analyses	   for	   the	   LTM	   task	   (subsequent	  recognition	  memory	  task)	  demonstrated	  a	   fronto-­‐parietal	  network	  associated	  with	  successful	  LTM	  formation	   during	   the	   maintenance	   phase,	   being	   particularly	   pronounced	   for	   the	   early	   stage.	   No	  supra-­‐threshold	  activation	  was	  found	  for	  the	  subsequent	  LTM	  effect	  during	  the	  probe	  phase.	  In	  Chapter	  4	   I	   adopted	   the	  basic	   idea	  of	   a	   combined	  WM	  and	  LTM	   task	   to	   investigate	   the	  neural	  substrates	  of	  successful	  WM	  processing	  and	  LTM	  formation	  during	  the	  execution	  of	  an	  object-­‐location	  WM	  task.	  Previous	  studies	  reporting	  hippocampal	   involvement	  during	  WM	  tasks	   typically	  employed	  memory	   tasks	  with	  a	  strong	  spatial	   component.	  Using	   (non-­‐spatial)	  associative	  memory	  tasks,	   however,	   I	   was	   not	   able	   to	   demonstrate	   additional	   evidence	   that	   activation	   in	   the	  hippocampus	  supports	  WM	  performance.	  Hence,	  I	  argued	  that	  this	  might	  be	  different	  for	  a	  memory	  task	  with	  an	  (allocentric)	  spatial	  component.	  Similar	  subsequent	  memory	  effects	   for	  WM	  and	  LTM	  were	   computed,	   again	   correcting	   for	   either	  memory	   system	   and,	   hence,	   minimizing	   the	   potential	  confounds	  of	  the	  respective	  memory	  system.	  Unfortunately,	  probably	  due	  to	  the	  relative	  difficulty	  of	  the	  LTM	  task,	  no	  supra-­‐threshold	  activation	  was	   found	   for	   the	  LTM	  contrasts.	  As	   for	   the	  WM	  task,	  greater	  activation	  during	  the	  early	  stage	  of	  the	  delay	  phase	  was	  found	  in	  the	  left	  and	  right	   inferior	  frontal	  gyrus	  and	  left	  fusiform	  gyrus	  for	  correct	  vs.	  incorrect	  trials.	  A	  correct	  decision	  during	  the	  test	  phase	  was	  associated	  with	  a	  brain	  network	  including	  bilateral	  hippocampus,	  bilateral	  insula	  and	  the	  right	  superior	  parietal	  gyrus.	  In	  Chapter	  5	  I	  investigated	  the	  proposed	  functional	  dissociation	  between	  the	  early	  and	  late	  stage	  of	  the	  maintenance	  phase,	  also	  shedding	  light	  on	  the	  time	  course	  of	  the	  formation	  of	  internal	  representations	  for	  WM	  and	  LTM	  decision.	  By	  manipulating	  the	  length	  of	  the	  maintenance	  phase	  of	  the	  WM	  task	  or	  the	  moment	  of	  a	  secondary,	  interfering	  task	  during	  the	  maintenance	  phase,	  I	  found	  additional	  evidence	  that	  different	  stages	  of	  the	  delay	  phase	  contribute	  differentially	  to	  WM	  and	  LTM.	  More	  specifically,	  performance	  on	  the	  LTM	  task	  was	  affected	  by	  the	  length	  of	  the	  maintenance	  phase	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as	  well	  as	  by	  the	  moment	  the	  interference	  task	  occurred.	  Short	  maintenance	  phases	  as	  well	  as	  early	  interference	   negatively	   affected	   LTM	   performance	   as	   compared	   to	   longer	  maintenance	   phases	   or	  when	   the	   interference	   task	   started	   during	   a	   later	   point	   in	   time.	   The	   results	   were	   interpreted	   as	  reflecting	   the	   differential	   time	   courses	   of	   the	   formation	   of	   representations	   required	   to	   make	   a	  correct	  WM	  or	  LTM	  decision.	  Whereas	  a	  perceptual,	  featural	  representation	  may	  be	  sufficient	  for	  an	  accurate	   WM	   decision,	   a	   deeper,	   more	   elaborate	   and	   possibly	   semantically	   enriched	   internal	  representation	  is	  required	  for	  successful	  LTM	  formation.	  Critically,	  the	  process	  of	  the	  formation	  of	  a	  deeper	   internal	   representation	  may	   require	  more	   time	   to	   be	   completed	   and	   this	   formation	  might	  have	  been	  disturbed	  by	  precipitate	  probing	  or	  the	  employment	  of	  an	  interference	  task	  shortly	  after	  the	  offset	  of	  the	  stimulus.	  Another	  aspect	  which	  may	  differentially	  affect	  WM	  and	  LTM	  is	  the	  emotional	  quality	  (i.e.,	  the	  valence	   and	   arousal	   level)	   of	   the	   to-­‐be-­‐retained	   stimuli.	   Therefore,	   Chapter	   6	   employed	   another	  combined	  associative	  WM	  and	  LTM	  task,	  using	  emotional	  stimuli.	  That	  is,	  during	  the	  delayed-­‐match-­‐to-­‐sample	  task	  pairs	  of	  emotionally	  neutral	  pictures	  were	  paired	  with	  emotional	  pictures,	  of	  which	  the	  affective	  valence	  (positive	  vs.	  neutral	  vs.	  negative)	  as	  well	  as	  the	  arousal	  level	  (high	  vs.	  low)	  was	  manipulated.	  WM	  and	  LTM	  performance	  was	  analyzed	  as	  a	  function	  of	  the	  valence	  and	  arousal	  levels	  of	   this	  second	  stimulus.	  As	   for	   the	  WM	  task,	  a	  hypothesized	  salience	  effect	  was	  obtained:	  Stimulus	  pairs,	  consisting	  of	  a	  highly	  arousing	  stimulus	  as	  well	  as	  pairs	  with	  a	   low-­‐arousal	  negative	  picture,	  were	   less	   likely	   to	   be	   correctly	   recognized	   than	   stimulus	   pairs	   consisting	   of	   two	   relatively	   less	  arousing	  stimuli.	  A	  similar	  arousal	  effect	  was	  found	  for	  the	  LTM	  task.	  These	  effects	  were	  explained	  by	  negative	  as	  well	  as	  highly	  arousing	  stimuli	  attracting	  the	  attention,	  producing	  a	  cost	  for	  the	  actual	  task,	  namely	  the	  binding	  of	  the	  two	  stimuli.	  	  
3.	  General	  Discussion	  
3.1	  Brain	  regions	  involved	  in	  associative	  WM	  and	  LTM	  –	  revisited.	  In	  the	  introduction	  (Chapter	  1)	  I	  gave	  a	  short	  overview	  on	  which	  brain	  regions	  may	  support	  WM	  and	  LTM.	  Based	  on	  the	  results	  of	  the	  present	  thesis,	  particularly	  of	  Chapters	  2,	  3	  and	  4,	  it	  may	  be	  worth	  to	   revisit	   this	   issue.	  Here	   I	  will	   focus	   on	  which	   brain	   regions	   support	   successful	  WM	  and	   LTM.	  As	  stated	   previously,	   involvement	   of	   different	   brain	   areas	   is	   a	   function	   of	   the	   underlying	   cognitive	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processes	   and,	   hence,	   also	   the	   stage	   of	   a	   delayed-­‐match-­‐to-­‐sample	   task	   since	   each	   stage	   (i.e.,	  encoding,	  maintenance,	  probe)	   requires	  different	  operations	   to	  be	  executed.	  Therefore,	   the	  neural	  substrates	  of	  successful	  associative	  WM	  and	  LTM	  will	  be	  described	  for	  the	  different	  stages	  in	  turn.	  3.1.1	  Encoding	  phase	  The	   encoding	   phase	   comprises	   the	   initial	   (visual)	   perception	   of	   the	   to-­‐be-­‐remembered	   stimuli	   as	  well	  as	  the	  first	  attempts	  to	  memorize	  the	  stimuli,	  i.e.	  the	  formation	  of	  internal	  representations.	  The	  visuo-­‐perceptual	  processing,	  i.e.	  the	  perception	  of	  the	  visual	  properties	  and	  physical	  features	  of	  the	  stimulus	  is	  thought	  to	  be	  finished	  within	  one	  second	  or	  less,	  depending	  on	  the	  stimulus	  complexity	  (Alvarez	  &	  Cavanagh,	   2004;	  Awh	  et	   al.,	   2007;	  Curby	  &	  Gauthier,	   2007;	  Eng	   et	   al.,	   2005;	  Ouimet	  &	  Jolicoeur,	  2007).	  For	  example,	  encoding	  of	  colors	   is	   thought	  to	  be	  completed	  within	  approximately	  50	  ms	  (Vogel	  et	  al.,	  2006)	  whereas	  encoding	  of	  faces	  may	  require	  as	  much	  as	  500	  ms	  or	  more	  (Curby	  &	  Gauthier,	  2007).	  If	  a	  second	  stimulus	  is	  presented	  before	  visuo-­‐perceptual	  processing	  of	  the	  first	  stimulus	   has	   been	   completed,	   the	   second	   stimulus	   may	   not	   be	   consciously	   perceived	   at	   all	   (this	  phenomenon	   is	   called	   the	   attentional	   blink).	   However,	   people	   typically	   try	   to	   verbalize	   and	   also	  attempt	   to	   give	  meaning	   to	   all	   kinds	   of	   stimuli.	   For	   example,	   after	   or	  while	   visually	   analyzing	   an	  irregular	  three-­‐dimensional	  stimulus	  like	  the	  one	  in	  Fig.	  2,	  one	  may	  interpret	  it	  as	  showing	  a	  dog	  or	  some	  other	  quadruped	  animal	  lying	  upside-­‐down	  (in	  my	  case	  it	  was	  a	  baby	  elephant).	  This	  semantic	  process	  may	  –	  depending	  on	  stimulus	  complexity	  and	  similarity	  to	  existing	  objects,	   i.e.	   for	  which	  a	  common	   schema	   or	   label	   exists	   –	   take	   substantially	   longer	   than	   the	   visuo-­‐perceptual	   analysis	  (partially	   because	   it	   also	   involves	   verbal	   processing).	   That	   is,	   first	   the	   visual	   properties	   of	   this	  irregular	  three-­‐dimensional	  figure	  are	  visually	  analyzed	  (i.e.,	  the	  physical	  properties	  are	  perceived)	  and	  this	  is	  followed	  (or	  partially	  co-­‐occurring)	  by	  an	  attempt	  to	  “see”	  something	  in	  the	  figure,	  which	  typically	   requires	   more	   time	   to	   be	   completed,	   particularly	   for	   ambiguous,	   difficult	   to	   verbalize	  and/or	  more	  complex	  stimuli.	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Fig.	   2.	  Example	   of	   a	   three-­‐dimensional	   figure,	  which	   first	  may	  be	  perceived	   as	   irregular,	  before	   perceiving	   and	   interpreting	   it	   as,	   for	   instance,	   some	   quadruped	   animal	   upside-­‐down.	  	   This	  example	  demonstrates	  that	  people	  try	  to	  create	  and	  simultaneously	  maintain	  multiple	  internal	   representations	   (Burgess	  et	   al.,	   1999;	  Colby	  &	  Goldberg,	  1999;	  Halligan,	  Fink,	  Marshall,	  &	  Vallar,	  2003).	  Why	  is	  this	   important?	  These	  different	   levels	  of	  processing	  (Craik	  &	  Lockhart,	  1972)	  and	  simultaneous,	  internal	  representations	  appear	  to	  differentially	  affect	  WM	  and	  LTM	  performance.	  Whereas	   the	   visuo-­‐perceptual,	   featural	   representation	   may	   be	   required	   and	   sufficient	   for	   an	  accurate	  WM	  decision	  to	  be	  made,	  the	  deeper,	  semantically	  enriched	  internal	  representation,	  may	  be	  a	   prerequisite	   or	   at	   least	   substantially	   help	   to	   remember	   the	   stimulus	   over	   the	   long	   term,	   i.e.,	   is	  beneficial	   for	  LTM	  (e.g.,	   (Baddeley,	  1966;	  Kintsch	  &	  Buschke,	  1969).	  This	  of	  course	  does	  not	  mean	  that	  the	  latter	  representation	  may	  be	  harmful	  for	  WM.	  Rather,	   it	  may	  (and	  normally	  does)	  support	  performance	  on	  the	  WM	  task,	  but	  is,	  in	  my	  opinion,	  not	  a	  prerequisite	  for	  the	  successful	  completion	  of	  a	  WM	  task	  in	  most	  cases.	  	  Critically,	   different	   brain	   regions	   may	   support	   the	   creation	   of	   these	   different	  representations.	   While	   the	   creation	   of	   a	   more	   visual,	   featural	   representation	   of	   the	   stimulus	   is	  supported	  by	  brain	  areas	  associated	  with	  the	  perception	  of	  the	  type	  of	  stimuli,	  brain	  regions	  more	  typically	   involved	   in	   the	   binding	   of	   stimuli	   into	   a	   coherent	   episode	   (i.e.,	   hippocampus)	   as	  well	   as	  brain	  areas	  associated	  with	  semantic	  coding	  may	  be	  argued	  to	  be	   involved	   in	  the	  creation	  of	  more	  elaborated,	   semantically	   enriched	   representations	   (see	   Chapter	   2).	   Hence,	   I	   would	   agree	   that	   the	  MTL,	  and	  in	  particular	  the	  hippocampus	  proper,	  may	  bind	  novel	  information	  into	  a	  single,	  coherent	  representation	   and	   that	   this	   binding	   function	  may	   support	   both	  WM	   and	   LTM.	   However,	   I	   doubt	  whether	  this	  process	  is	  required	  for	  successful	  WM	  processing.	  Support	  for	  this	  view	  comes	  from	  the	  behavioral	   study	   in	   Chapter	   5,	   but	   particularly	   from	   the	   fMRI	   study	   in	   Chapter	   2,	   which	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demonstrated	   that	   WM	   performance	   during	   encoding	   was	   associated	   with	   greater	   activation	   in	  visuo-­‐perceptual	  areas	  associated	  with	  the	  presented	  type	  of	  stimuli	  (i.e.,	   the	   fusiform	  face	  area	  as	  well	   as	   the	   parahippocampal	   place	   area,	   corresponding	   with	   the	   faces	   and	   houses	   that	   were	  presented	   in	   this	   experiment).	   LTM	   performance	   during	   encoding,	   in	   contrast,	   was	   supported	   by	  greater	   activation	   in	   hippocampus	   and	   left	   inferior	   frontal	   gyrus,	   which	   has	   been	   implicated	   in	  semantic	  processing.	  3.1.2	  Maintenance	  phase	  The	  maintenance	  phase	   is	  a	  crucial	   stage	   in	  WM	  as	   it	   relies	  on	   the	  active,	   “online”	  maintenance	  of	  information	   in	   the	   absence	   of	   external	   (physical)	   stimulation	   –	   a	   critical	   aspect	   in	   almost	   all	  theoretical	   frameworks	   of	   WM	   (Baddeley	   &	   Hitch,	   1974;	   Cowan,	   1999,	   2005;	   Miyake,	   1999).	  However,	   it	   is	   important	   to	   note	   that	   the	  maintenance	   phase	   is	  most	   likely	   not	   a	   unitary	   process.	  Instead,	   different	   functions	   have	   been	   ascribed	   to	   the	   maintenance	   stage	   and,	   as	   also	   studied	   in	  Chapter	   5,	   early	   and	   late	   stages	   of	   the	  maintenance	   phase	  may	   differentially	   affect	  WM	   and	   LTM	  performance.	   In	   short,	   it	   has	   been	   suggested	   that	   the	   active	   transformation	   from	   a	   perceptual	  representation	   into	   a	   semantically	   enriched	   internal	   code	   may	   still	   be	   on-­‐going	   during	   the	   early	  stage	  of	  the	  maintenance	  phase	  (Naveh-­‐Benjamin	  &	  Jonides,	  1984;	  Ranganath	  et	  al.,	  2005).	  The	  late	  stage	  of	  WM	  maintenance,	   in	  contrast,	   is	  thought	  to	  mainly	   involve	  the	  passive	  maintenance	  of	  the	  memoranda	  in	  the	  absence	  of	  external	  physical	  stimulation	  (Craik	  &	  Watkins,	  1973;	  Naveh-­‐Benjamin	  &	  Jonides,	  1984).	  	  In	  most	  contexts,	  people	  implicitly	  seem	  to	  refer	  to	  the	  latter,	  i.e.	  to	  the	  more	  automatic	  stage	  of	  WM	  maintenance	  when	   talking	   about	   “online	  maintenance”	   of	   the	   to-­‐be-­‐remembered	   stimulus.	  Animal	  lesion	  studies	  as	  early	  as	  in	  the	  1930s	  (Jacobsen,	  1935)	  as	  well	  as	  neurophysiological	  studies	  in	   the	  1970s	  (Fuster,	  1973;	  Fuster	  &	  Alexander,	  1971)	   implicated	  that	   frontal	  and	  parietal	  regions	  are	   crucial	   for	   the	   maintenance	   process,	   possibly	   reflecting	   attentional	   control	   mechanisms,	   i.e.,	  sustaining	  attention	  as	  well	  as	  keeping	  the	  representation	  in	  the	  focus	  of	  attention	  (see	  reviews	  by	  Postle,	  2006;	  Ranganath	  &	  D'Esposito,	  2005;	  Ruchkin	  et	  al.,	  2003).	  In	  addition,	  recent	  studies	  suggest	  that	   online	   maintenance	   may	   also	   be	   supported	   by	   sustained	   activation	   in	   areas	   that	   selectively	  respond	  to	  the	  category	  of	  to-­‐be-­‐remembered	  objects	  (Courtney,	  Ungerleider,	  Keil,	  &	  Haxby,	  1997).	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For	  example,	  studies	  reported	  sustained	  activation	  in	  fusiform	  gyrus	  during	  the	  maintenance	  phase	  in	  a	  WM	  paradigm	  that	  used	  faces	  as	  stimuli	  (Ranganath,	  Cohen,	  Dam,	  &	  D'Esposito,	  2004).	  However,	  it	  appears	  that	  fMRI	  is	  not	  particularly	  sensitive	  to	  the	  mechanisms	  thought	  to	  underlie	  this	  online	  maintenance	   (synchronous	   firing	   and/or	   transient	   synaptic	   changes)	   and,	   hence,	   results	   on	   the	  maintenance	  phase,	  particularly	  in	  subsequent	  memory	  paradigms,	  appear	  quite	  inconsistent	  across	  studies.	  This	  may	  explain	  why	  in	  our	  study	  in	  Chapter	  3	  no	  voxels	  exhibited	  supra-­‐threshold	  activity	  during	  the	  maintenance	  phase	   for	  our	  WM	  contrast.	  This	  also	  corroborates	  previous	   findings	   from	  Hannula	   &	   Ranganath	   (2008)	   who	   also	   failed	   to	   demonstrate	   maintenance-­‐related	   activity	   that	  differentiates	  between	  correct	  and	  incorrect	  trials	   in	  their	  WM	  analysis.	  However,	   in	  Chapter	  4	  we	  found	  activation	  during	  the	  early	  delay	  stage	  in	  the	  fusiform	  gyrus	  as	  well	  as	  bilateral	  inferior	  frontal	  gyrus	  to	  be	  associated	  with	  a	  correct	  decision	  on	  the	  WM	  task	  and	  this	  may	  be	  explained	  by	  the	  fact,	  as	   stated	  previously,	   that	   this	   is	   reminiscent	   of	   encoding	   processes	  not	   yet	   completed	   at	   stimulus	  offset.	  This	  does	  not	  seem	  to	  be	  in	  contrast	  to	  our	  failure	  to	  find	  supra-­‐threshold	  activity	  for	  the	  early	  delay	  phase	   in	  Chapter	  3	  as	   in	   this	   case	   the	   stimulus	  pairs	  were	  presented	  serially	  and	  any	  of	   the	  four	  pairs	  could	  be	  tested	  at	  the	  WM	  probe.	  Hence,	  the	  early	  stage	  of	  the	  WM	  maintenance	  phase	  was	  not	  specific	  to	  the	  subsequently	  tested	  stimulus	  pair.	  Interestingly,	  however,	  we	  found	  greater	  activation	  in	   left	  dorsolateral	  prefrontal	  cortex	  to	  be	  predictive	  of	  LTM	  success	  during	  the	  early	  stage	  of	  the	  maintenance	  phase.	  This	  is	  in	  line	  with	  the	  proposal	  of	  Blumenfeld	  and	  Ranganath	   (2007),	   stating	   that	  one	  major	   function	  of	   the	  dorsolateral	  prefrontal	  cortex	  during	  WM	  may	  be	  to	  organize	  multiple	  pieces	  of	  information,	  thereby	  enhancing	  and	   strengthening	   memory	   for	   associations	   among	   items	   and	   promoting	   LTM	   for	   this	   kind	   of	  information.	  3.1.3	  Probe	  phase	  This	  stage	  of	  the	  WM	  task	  has	  so	  far	  been	  largely	  neglected	  in	  the	  literature.	  This	  is	  most	  likely	  due	  to	  the	  fact	  that	   in	  traditional	  theories	  of	  WM	  the	  probe	  phase	   is	  not	  ascribed	  any	  particular	  cognitive	  function.	  That	  is,	  WM	  typically	  comprises	  information	  currently	  held	  active	  in	  some	  heightened	  state	  of	   activation	   and,	   hence,	   it	   appears	   counter-­‐intuitive	   that	   information	   needs	   to	   be	   actively	  “retrieved”	  during	   the	  probe	  phase	   in	   a	  WM	   task.	  Or,	   as	  William	   James	  put	   it:	   an	   item	   in	  primary	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memory	  (as	  he	  used	  to	  call	  what	  now	  is	  often	  referred	  to	  as	  short-­‐term	  memory	  or	  WM)	  “is	  not	  thus	  brought	   back;	   it	   was	   never	   lost;	   its	   date	   was	   never	   cutoff	   in	   consciousness	   from	   that	   of	   the	  immediately	   present	  moment.	   In	   fact,	   it	   comes	   to	   us	   as	   belonging	   to	   the	   rearward	   portion	   of	   the	  present	  space	  of	  time,	  and	  not	  to	  the	  genuine	  past”	  (James,	  1890,	  pp.	  608-­‐609).	  In	  fact,	  the	  WM	  probe	  most	  of	  the	  times	  mainly	  involves	  the	  comparison	  of	  a	  mental,	  internal	  representation	  of	  the	  to-­‐be-­‐remembered	  stimulus	  to	  a	  current	  sensory	  experience	  (Hannula	  &	  Ranganath,	  2008).	  However,	  this	  notion	   ignores	   that	   at	   least	   some	   (possibly	   more	   complex)	   WM	   tasks	   involve	   more	   complex	  decisions	   to	  be	  made.	   For	   example,	   one	   “classical”	   neuropsychological	   task	   to	   assess	   (verbal)	  WM	  capacity,	  used	  in	  both	  research	  and	  clinical	  evaluation,	  are	  the	  forward	  and	  backward	  versions	  of	  the	  digit	  span	  task.	  A	  previous	  study	  reported	  a	  wide	  network	  of	  brain	  areas	  being	  activated	  during	  the	  recall	   /	   retrieval	   phase	   as	  well	   as	   substantial	   differences	   between	   the	   retrieval	   in	   the	   forward	   as	  compared	  to	   the	  backward	  condition	  of	   the	   task	  (Sun	  et	  al.,	  2005).	  Even	  though	  this	  study	  did	  not	  compare	  successful	  vs.	  failed	  retrieval,	  these	  results	  indicate	  that	  WM	  retrieval	  reflects	  more	  than	  a	  passive	  process.	  Thus,	  engagement	  of	  brain	  regions	  appear	  to	  depend	  upon	  the	  task	  characteristics	  and	   demands.	   Consequently,	   in	   Chapter	   3,	   I	   obtained	   activation	   in	   an	   often-­‐reported	   “retrieval	  success	   network”,	   indicating	   that	   participants	   needed	   to	   actively	   retrieve	   the	   to-­‐be-­‐learned	  information.	   	   In	   addition,	   using	   a	   spatial	   task,	   I	   obtained	   hippocampal	   activity	   for	   the	  WM	   probe	  being	  associated	  with	  a	  correct	  decision	  on	   the	  WM	  task.	  The	   fact	   that	   this	  was	  only	   found	   in	   this	  study	  woth	  a	  stronger	  spatial	  component	  may	  be	  due	  to	  the	  fact	  that	  indeed	  the	  hippocampus	  may	  only	  play	  a	   role	   in	  more	   complex,	   allocentric	   spatial	  processing,	   irrespective	  of	   the	  delay	  between	  study	  and	  test.	  
3.2	  The	  role	  of	  emotions	  in	  associative	  WM	  and	  LTM	  Chapter	   6	   investigated	   the	   role	   of	   emotional	   stimuli	   on	   associative	  WM	   and	   LTM.	   Contrary	   to	   an	  often	   reported	   superior	   memory	   effect	   for	   emotional	   stimuli	   (Cahill	   &	   McGaugh,	   1995;	   Hamann,	  2001),	  we	  hypothesized	  and	   found	  adverse	  effects	   for	   stimulus	  pairs	   consisting	  of	  highly	  arousing	  stimuli.	  This	  was	  predicted	  based	  on	  the	  current	  literature	  and	  could	  be	  largely	  explained	  by	  salience	  effects.	   Emotional	   salience	   appears	   to	   modulate	   attention	   (see	   review	   by	   Vuilleumier,	   2005).	   In	  short,	   emotional	   stimuli	   are	   processed	   more	   quickly	   and	   efficiently	   and	   it	   has	   been	   shown	   that	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attentional	  engagement	  towards	  emotionally	  arousing	  stimuli	  is	  relatively	  prolonged	  as	  compared	  to	  emotionally	  neutral	  stimuli	  (Anderson	  &	  Phelps,	  2001;	  Maratos,	  2011).	  In	  his	  reviews,	  Pessoa	  (2008,	  2009)	  proposed	  a	  dual-­‐competition	   framework	  concerning	  cognitive-­‐emotional	   interaction.	   In	   this	  view,	   the	   influence	  of	   emotion	  on	  cognition	  depends	  on	   the	   intensity	  of	   the	   level	  of	   the	  emotional	  stimulus;	   high-­‐arousal	   stimuli	   would	   typically	   impair	   task	   performance	   as	   they	   are	   thought	   to	  consume	   cognitive	   resources	   needed	   for	   the	   actual	   task.	   Low-­‐arousal	   stimuli,	   in	   contrast,	   are	  proposed	   to	   enhance	   sensory	   processing	   and,	   as	   a	   consequence,	   may	   improve	   task	   performance.	  This	   framework	  appears	  to	  be	  nicely	   in	   line	  with	  the	  results	  of	  Chapter	  6:	  Attentional	  and	  salience	  effects	  may	  have	  caused	  a	  bias	  towards	  the	  highly-­‐arousing	  stimuli,	  resulting	  in	  a	  cost	  for	  the	  actual	  task	   of	   the	   employed	  memory	   paradigm:	   the	   binding	   of	   the	   two	   stimuli,	   and	   reflected	   in	   a	   lower	  accuracy	  for	  pairs	  consisting	  of	  high	  arousal	  stimuli	  in	  both	  WM	  and	  LTM	  task.	  
3.3	  When	  does	  performance	  on	  a	  WM	  task	  rely	  on	  WM?	  At	  the	  risk	  of	  repeating	  myself,	   it	   is	  extremely	  difficult	   to	  disentangle	  WM	  and	  LTM	  processes	  and,	  due	  to	  their	   intimate	  interrelationship,	   it	   is	  not	  always	  clear	  when	  performance	  on	  a	  task	  relies	  on	  WM	  or	  LTM.	  Probably,	  the	  question	  as	  formulated	  in	  the	  title	  of	  this	  section	  does	  (in	  most	  cases)	  not	  even	  make	  sense	  as	  WM	  task	  performance	  may	  (almost)	  always	  be	  confounded	  by	  LTM	  processes.	  That	   is,	   I	   agree	   with	   previous	   notions	   that	   a	  WM	   task	   does	   not	   necessarily	   rely	   purely	   (or	   even	  primarily)	   on	  WM	  processes,	   only	  because	   the	  maintenance	   interval	   of	   the	  WM	   task	   is	   not	   longer	  than	   a	   few	   seconds	   (Jeneson	  &	   Squire,	   2012).	   As	   I	  will	   further	   argue,	   it	   is	   necessary	   to	   concisely	  define	   the	   properties	   and	   characteristics	   of	   a	   to-­‐be-­‐executed	   memory	   task	   as	   well	   as	   to	   closely	  analyze	  how	  this	  task	  is	  typically	  executed	  and	  solved.	  This	  is	  because	  it	  is	  these	  processes	  as	  well	  as	  the	   type	  of	   representations	   that	   are	  used	   to	   complete	   the	   task	  at	  hand	   that	  define	  whether	  a	   task	  relies	   more	   heavily	   on	   processes	   more	   typically	   associated	   with	  WM	   or	   with	   processes	   typically	  associated	  with	  LTM.	  In	  their	  review,	  Jeneson	  and	  Squire	  (2012)	  stated:	  	  “Working	   memory	   cannot	   be	   operationally	   defined	   in	   terms	   of	   any	   particular	  retention	   interval.	   Instead,	   working	   memory	   involves	   the	   process	   of	   active	  maintenance	   of	   a	   limited	   amount	   of	   information.	   The	   key	   factors	   that	   determine	  whether	   working	   memory	   is	   sufficient	   to	   support	   performance,	   or	   whether	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performance	  must	  also	  depend	  on	  long-­‐term	  memory,	  are	  the	  amount	  of	  information	  that	  can	  be	  held	  in	  mind	  and	  how	  amenable	  this	  information	  is	  to	  active	  rehearsal.	  If	  the	   capacity	   of	   working	   memory	   is	   exceeded,	   or	   if	   material	   cannot	   be	   effectively	  maintained	   by	   rehearsal	   (as	   can	   be	   the	   case	   for	   nonverbal	   material),	   performance	  must	  depend	  at	  least	  in	  part	  on	  long-­‐term	  memory,	  even	  at	  short	  retention	  intervals.	  Long-­‐term	   memory	   is	   also	   needed	   to	   support	   performance	   as	   soon	   as	   attention	   is	  diverted,	  even	  when	  the	  amount	  of	  material	  to	  be	  learned	  is	  limited	  and	  even	  when	  it	  is	  amenable	  to	  rehearsal.”	  (pp.	  15-­‐16).	  	  	  I	   agree	   that	  LTM	  may	  be	  needed	   to	   support	  WM	  even	   if	  memory	   is	   tested	   immediately	  or	  within	  seconds	  of	  learning.	  Indeed,	  performance	  on	  such	  a	  task	  may	  rely	  more	  heavily	  on	  processes	  more	   typically	   associated	   with	   LTM	   than	   on	   a	   task	   where	   the	   to-­‐be-­‐learned	   information	   is	  presumably	   within	  WM	   capacity	   and	   where	   the	  memorandum	  was	   actively	   rehearsed	   across	   the	  delay	  period.	  However,	  I	  doubt	  that	  WM	  performance	  is	  not	  confounded	  by	  LTM	  processes	  if	  the	  to-­‐be-­‐retained	   information	   is	   within	   WM	   capacity	   or	   when	   attention	   is	   not	   diverted	   from	   the	  memorandum.	   Instead,	   I	   argue	   that	   in	   almost	   all	   cases	   people	   create	   and	   hold	   multiple	  representations	   simultaneously	   in	   mind	   and	   that	   it	   is	   these	   types	   of	   representations	   as	   well	   as	  cognitive	  processes	  and	  operations	  that	  determine	  whether	  task	  performance	  relies	  more	  heavily	  on	  processes	  typically	  associated	  with	  LTM	  or	  on	  processes	  classically	  related	  to	  WM.	  In	  other	  words,	  unless	  the	  creation	  of	  a	  deeper,	  semantically	  enriched	  representation	  is	  prevented	  (which	  is	  virtually	  impossible)	  performance	  on	  the	  WM	  task	  is	  almost	  always	  and	  inherently	  confounded	  by	  processes	  more	  typically	  associated	  with	  LTM,	  irrespective	  of	  the	  length	  of	  the	  maintenance	  interval,	  memory	  load	  or	  whether	  attention	  was	  diverted	  from	  the	  memorandum	  or	  not.	  Thus,	  I	  would	  agree	  that	  WM	  and	  LTM	  differences	  can	  primarily	  be	  explained	  by	  differences	  in	  underlying	  processing	  modes	  and	  that	   there	   is	   no	   need	   to	   postulate	   distinct	   memory	   systems	   which	   obey	   to	   different	   rules	   as	   a	  function	  of	  the	  time	  scale	  or	  delay	  length.	  This	  will	  be	  further	  extended	  in	  the	  following	  section.	  
3.4	  Is	  two	  always	  better	  than	  one?	  Integration	  and	  interaction	  of	  WM	  and	  LTM	  In	  recent	  years,	  an	   increasing	  number	  of	   researchers	  has	  argued	   that	   the	  distinction	  between	  WM	  and	  LTM	  is	  somewhat	  arbitrary	  and	  artificial,	  even	  proposing	  that	  these	  memory	  systems	  may	  rely	  on	  (largely)	  the	  same	  brain	  regions	  and	  networks	  as	  long	  as	  task	  characteristics	  and	  demands	  of	  WM	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and	   LTM	   task	   are	   held	   constant	   (Jonides	   et	   al.,	   2008;	   Konkel	   &	   Cohen,	   2009;	   Ranganath	   &	  Blumenfeld,	   2005).	   This,	   however,	   is	   not	   a	   revolutionary	   view	   as	   there	   have	   always	   been	   doubts	  about	  the	  predominant	  view	  of	  the	  dual-­‐store	  models	  (see	  e.g.	  Crowder,	  1982;	  Melton,	  1963;	  Nairne,	  2002;	   Surprenant	  &	  Neath,	   2009).	   One	  major	   argument	   in	   favor	   of	  WM	   and	   LTM	   as	   independent	  systems	  is	  the	  double	  dissociations	  reported	  in	  patient	  studies	  in	  the	  1970s	  (Shallice	  &	  Warrington,	  1970;	  Warrington	  &	  Shallice,	  1969).	  Single-­‐store	  memory	  models	  would	  explain	  these	  dissociations	  by	  the	  fact	  that	  very	  distinct	  tasks	  were	  used	  as	  WM	  and	  LTM	  task	  and,	  hence,	  these	  tasks	  differ	  in	  more	   than	   the	   critical	   factor	   alone,	   namely	   the	   delay	   between	   study	   and	   test.	   Clearly,	   from	   a	  methodological	  point	  of	  view,	  the	  task	  demands	  and	  characteristics	  should	  be	  as	  similar	  as	  possible.	  In	   a	   similar	   vein,	   it	   has	   been	   proposed	   that	   memory	   systems	   should	   be	   distinguished	   based	   on	  underlying	  processing	  operations	  rather	  than	  by	  delay	  length	  or	  consciousness	  (Henke,	  2010).	  In	  her	  review,	   Henke	   argues	   that	   tasks	   that	   require	   rapid	   associative	   learning	   are	   mediated	   by	   the	  hippocampus	   irrespective	   of	   the	   delay	   length	   and	   irrespective	   of	   if	   the	   stimuli	   were	   processed	  consciously	  or	  not	   (cf.	   Jonides	   et	   al.,	   2008).	   	   Finally,	   it	   has	  been	  argued	   that	   all	  memory	   tasks	   are	  multiply	  determined	  (Tulving,	  1991);	  simultaneous	  processes	  and	  representations	  are	  involved	  that	  are	  either	  classically	  more	  typically	  associated	  with	  WM	  or	  with	  processes	  more	  typically	  associated	  with	  (episodic)	  LTM.	  Considering	   these	   doubts	   and	   suggestions,	   the	   question	   arises	   if	   the	   “classical”	   distinction	  between	  WM	  and	  LTM	  is	  a	  fruitful	  approach	  and	  theoretical	  framework.	  In	  light	  of	  the	  results	  of	  this	  thesis,	  it	  is	  apparent	  that	  the	  distinction	  between	  WM	  and	  LTM	  is	  somewhat	  artificial,	  that	  these	  two	  memory	   systems	   are	   intimately	   linked	   with	   each	   other,	   and	   that	   recruitment	   of	   brain	   areas	   is	  mediated	   by	   the	   underlying	   cognitive	   operation.	   In	   addition,	   tasks	   are	   not	   solved	   by	   one	   single	  process.	  Hence,	  if	  one	  endorses	  the	  notion	  of	  two	  separate,	  dissociable	  memory	  stores	  as	  a	  function	  of	   the	   interval	  between	   study	  and	   test	   and	   that	   the	  hippocampus	  mediates	   the	   formation	  of	   rapid	  associations,	   this	   does	   not	   necessarily	   mean	   that	   this	   hippocampal	   engagement	   is	   required	   to	  successfully	  perform	  the	   task	  after	  a	  short	  delay	  phase.	  Rather,	   the	  hippocampal	   involvement	  may	  reflect	   processes,	   that	   is,	   the	   binding	   of	   information	   into	   one	   coherent	   episode,	   that	   support	   to	  remember	  the	  stimuli	  in	  the	  long	  term.	  Hence,	  this	  hippocampal	  involvement	  can	  be	  observed	  during	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the	  execution	  of	  a	  “WM	  task”,	  but	  is	  not	  necessarily	  required	  to	  perform	  the	  task	  successfully.	  As	  can	  be	  seen	  from	  our	  fMRI	  study	  in	  Chapter	  2,	  we	  found	  hippocampal	  activation	  during	  the	  execution	  of	  an	   associative	   WM	   task,	   where	   two	   stimuli	   needed	   to	   be	   bound,	   during	   the	   encoding	   phase.	  However,	  hippocampal	  activation	  was	  related	  to	  successful	  LTM	  formation	  rather	  than	  a	  correct	  WM	  decision.	  	   The	   view	   that	   not	   the	   type	   of	   the	   task	   but	   rather	   the	   type	   of	   processing	   is	   critical	   and	  particularly	  that	  performance	  after	  a	  short	  delay	  may	  be	  based	  on	  the	  sensory	  experience	  and	  after	  a	  longer	  delay	  on	  semantic	  representations	  has	  been	  proposed	  much	  earlier	  (e.g.,	  Kintsch	  &	  Buschke,	  1969)	   and	   is	   often	   referred	   to	   as	   the	   processing	   or	   proceduralist	   account,	   which	   emphasizes	  encoding	  and	  retrieval	  processes	   instead	  of	  memory	  systems	  or	  locations	  where	  the	  memory	  might	  be	  stored	  (Surprenant	  &	  Neath,	  2009).	  In	  sum,	  if	  one	  argues	  that	  the	  type	  of	  processing	  as	  well	  as	  the	  nature	  of	  the	  representation	  is	  the	  decisive	  factor	  that	  determines	  if	  an	  item	  is	  only	  held	  for	  a	  short	  interval	  or	  if	  it	  is	  remembered	  in	  the	  long	  term	  and	  that	  people	  can	  create	  and	  hold	  multiple	  representations	  simultaneously,	  there	  is,	  in	  my	  view,	  no	  need	  to	  postulate	  separate	  memory	  stores	  or	  systems.	  	  
3.5	  Strengths	  and	  limitations	  Whereas	  previous	  studies	  on	  WM	  and	  LTM	  have	  studied	  these	  two	  memory	  systems	  in	  isolation,	  the	  studies	  presented	  in	  these	  studies	  are	  among	  the	  first	  to	  study	  WM	  and	  LTM	  jointly.	  I	  would	  argue	  that	   studying	   these	   two	  memory	   systems	   separately	  does	  not	  do	   justice	   to	   their	   intimately	   linked	  character.	  Consequently,	   if	  studies	  focusing	  on	  WM	  do	  not	  consider	  that	  performance	  on	  their	  task	  may	  –	  at	  least	  partially	  –	  rely	  on	  LTM	  or	  WM-­‐LTM	  interactions	  (or	  rather	  on	  representations	  that	  are	  more	   typically	   associated	   with	   LTM),	   any	   statement	   or	   conclusion	   on	   the	   functional	   and	   neural	  architecture	  of	  WM	  is	  at	  least	  dubious.	  	  	   The	   present	   dissertation	   aimed	   to	   account	   for	   possible	   LTM	   confounding	   effects	   by	  administering	   WM	   and	   LTM	   tasks,	   using	   identical	   stimuli	   and	   highly	   similar	   task	   demands	   and	  characteristics	   for	   the	   two	   tasks.	  By	  doing	   this,	  a	  purer	  measure	  could	  be	  obtained	  of	  which	  brain	  regions	  support	  WM	  and	  LTM	  performance.	  One	  may,	  however,	  argue	  that	  by	  focusing	  the	  analyses	  on	   items	   that	   were	   not	   correctly	   recognized	   in	   a	   subsequent	   recognition	   memory	   task,	   does	   not	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necessarily	  mean	  that	  performance	  on	  the	  WM	  task	  had	  not	  been	  partially	  supported	  by	  LTM	  at	  all.	  It	  may	  only	  mean	  that,	  up	  to	  60-­‐75	  minutes	  after	  initial	  presentation	  of	  the	  stimuli	  participants	  were	  not	   able	   to	   correctly	   identify	   these	   items	   or	   rather	   that	   there	   was	   no	   evidence	   of	   successful	  recognition	  of	  these	  stimuli	  on	  the	  LTM	  task.	  While	  this	  objection	  cannot	  be	  discarded,	  I	  nonetheless	  argue	   that	   the	   results	   on	   our	   WM	   analyses	   are	   substantially	   less	   confounded	   by	   incidental	   LTM	  encoding	  than	  if	  performance	  on	  a	  subsequent	  LTM	  task	  had	  not	  been	  considered	  at	  all,	  as	  has	  been	  done	  in	  virtually	  all	  previous	  studies	  on	  WM.	  	   Another	   recurring	   point	   of	   critique	   is	   that,	   at	   least	   in	   some	   of	   the	   presented	   papers,	  WM	  capacity	  was	  exceeded,	  i.e.,	  a	  supra-­‐span	  tasks	  were	  administered	  and,	  hence,	  performance	  on	  these	  WM	   tasks	   may	   again	   have	   been	   confounded	   by	   LTM	   processes.	   This	   objection	   appears	   to	   be	  grounded	  on	  the	  proposal	  that	  WM	  capacity	  is	  limited	  and	  may	  not	  comprise	  more	  than	  four	  items	  or	  chunks.	  However,	   it	   is	  also	  based	  on	  the	  idea	  that	  there	  is	  a	  clear	  dissociation	  between	  WM	  and	  LTM	  and	  that	  –	  as	  stated	  previously	  –	  WM	  performance	  only	  depends	  “at	  least	  in	  part”	  on	  LTM	  “if	  the	  capacity	   of	   working	   memory	   is	   exceeded,	   or	   if	   material	   cannot	   be	   effectively	   maintained	   by	  rehearsal”	  (Jeneson	  &	  Squire,	  2012,	  p.15).	  This	  assumption	  is	  almost	  certainly	  wrong	  and	  I	  therefore	  doubt	  whether	  memory	  load	  is	  a	  decisive	  factor	  in	  distinguishing	  memory	  systems	  from	  each	  other.	  Again,	   it	   is	  not	  possible	   to	  rule	  out	   the	  possibility	   that	  performance	  on	  our	  WM	  tasks	  depended	  at	  least	  in	  part	  on	  processes	  more	  typically	  associated	  with	  LTM.	  Nevertheless,	  it	  is	  interesting	  to	  note	  that	  brain	  regions	  known	  to	  be	  involved	  in	  the	  binding	  of	  stimuli	  into	  a	  coherent	  episode	  as	  well	  as	  in	  semantic	  processing	  seemed	  to	  be	  associated	  with	  LTM	  performance,	  indicating	  that	  the	  statistical	  reduction	  of	  the	  potential	  confound	  of	  LTM	  processes	  was	  at	  least	  to	  some	  extent	  successful.	  
3.6	  Conclusion	  The	  presented	  studies	  dealt	  with	  a	  largely	  neglected	  topic:	  the	  relationship	  between	  WM	  and	  LTM.	  Previous	   studies	   typically	   investigated	   these	   two	  memory	   systems	   in	   isolation.	   In	   addition,	   while	  several	  researchers	  have	  argued	  that	  WM	  and	  LTM	  are	  intimately	  linked,	  the	  attempts	  to	  disentangle	  them	   experimentally	   have	   been	   pretty	   limited	   so	   far.	   And	   even	   though	   one	   may	   argue	   that	   it	   is	  almost	   impossible	   to	   separate	   these	   two	   memory	   systems,	   this	   is,	   of	   course,	   no	   justification	   to	  neglect	   this	   interrelationship	   or	   to	   ignore	   the	   very	   fact	   that	   processes	   associated	   with	   LTM	  may	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support	  performance	  on	  a	  WM	  task.	  All	  memory	  tasks	  are	  multiply	  determined	  (Tulving,	  1991)	  and	  there	   is	  nothing	   like	  a	   “pure”	  episodic	  LTM	  or	  WM	  task.	  Therefore,	   it	   is	  even	  more	  surprising	   that	  recent	   accounts	   did	   not	   consider	   possible	   LTM	   confounds	  when	   studying	   the	   neural	   correlates	   of	  WM.	  Rather,	  impaired	  performance	  on	  a	  “WM	  task”	  of	  patients	  with	  hippocampal	  lesions	  was	  often	  explained	   –	   straightforwardly	   –	   that	   that	   these	   patients	   had	   WM	   deficits.	   Similarly,	   functional	  neuroimaging	  studies	  attributed	  all	  neural	  activity	  observed	  during	   the	  execution	  of	  a	  WM	  task	   to	  WM;	   that	   is,	   they	   tended	   to	   neglect	   that	   performance	   may	   have	   been	   supported	   by	   operations	  associated	  with	  LTM	  processes	  and,	  hence,	  also	  neural	  activity	  was	  related	  to	  LTM	  processes.	  	   The	  results	  of	  the	  present	  thesis	  suggest	  that	  neural	  activity	  previously	  associated	  with	  WM	  processes	   may	   be	  more	   exclusively	   related	   to	   operations	  more	   typically	   associated	   with	   LTM.	   In	  other	   words,	   activation	   in	   some	   regions,	   e.g.	   in	   the	   hippocampus,	   may	   previously	   have	   been	  misattributed	   to	   WM	   processing	   since	   these	   studies	   did	   not	   consider	   the	   fact	   that	   hippocampal	  activation	  may	  be	  associated	  with	  LTM.	  In	  addition,	  these	  studies	  could	  not	  statistically	  control	   for	  this	  alternative	  explanation.	   I	  do	  not	  argue	  that	  hippocampus	  is	  not	   involved	  in	  WM	  tasks.	   I	  doubt,	  however,	  whether	  it	  is	  associated	  with	  actual	  WM	  processing	  and	  that	  it	  is	  required	  for	  an	  accurate	  WM	   decision	   to	   be	   made.	   In	   my	   view,	   the	   most	   parsimonious	   explanation	   is	   that	   binding	   and	  semantic	  processes	  are	  supporting	  performance	  on	  WM	  tasks	  but	  are,	  strictly	  speaking,	  not	  required	  for	  an	  accurate	  WM	  decision.	  	  In	   general,	   future	   studies	  need	   to	   identify	   and	   specify	  more	   carefully	  which	  processes	   are	  required	   and	   engaged	   during	   completion	   of	   a	   memory	   task,	   need	   to	   consider	   the	   intimate	  relationship	  between	  WM	  and	  LTM	  processes	  (if	  a	  distinction	  of	  memory	  systems	  based	  on	  different	  retention	  interval	  lengths	  is	  regarded	  as	  useful)	  and	  that	  performance	  on	  any	  memory	  task	  may	  be	  supported	  by	  multiple,	  simultaneous	  processes.	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